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Abstract
The Effects of Residual Trees on Regeneration Dynamics Following a Diameter
Limit Harvest
Travis J. Deluca
Ten years after diameter-limit cutting, shading from residual trees had a negative effect
on regeneration growth in three Appalachian hardwood stands. Regardless of shade tolerance,
saplings growing outside the crown shading of residual overstory trees had higher densities and
were taller and larger in diameter. Most shade-intolerant and mid-tolerant species decreased in
total height and diameter as overstory basal area increased. Black cherry height (p < 0.0001) and
diameter (p = 0.0002) had a significant negative relationship with increasing overstory basal
area. Total height of shade-tolerant species was not affected and diameter showed a positive
relationship. Red maple diameter had a significant positive relationship (p < 0.0001) with
increasing overstory basal area. Rehabilitation of stands after diameter-limit cutting requires
silvicultural release operations to reduce competition in the new cohort.
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Chapter 1: Literature Review
Disturbances
Natural and anthropogenic forest disturbances can alter stand development pathways by
changing resource availability and the environment (Pickett and White 1985). Disturbances are
classified by severity depending on how much of the vegetation and soil on the forest floor is
disturbed (Oliver 1981, Runkle 1982). Minor disturbances do relatively little damage to the
forest floor compared to major disturbances that disturb soil. Examples of minor disturbances
include logging, wind-throw and cool fires. Following minor disturbances, newly regenerating
trees must compete with residual stems (Oliver and Larson 1996). Examples of major
disturbance include hot fires, landslides, and erosion. Following a major disturbance, a
maximum amount of growing space is made available to regeneration stems, which have to
compete only with other trees within the same cohort.
More frequent than natural disturbances, anthropogenic disturbances were an important
part of the pre-European settlement disturbance regime. Fire was the most common
anthropogenic disturbance in the United States during this period. Native Americans used fire
for warmth and cooking, encouraging fruit and berry production, exposing acorns and chestnuts
for collection, preparing sites for agricultural purposes, creating and maintaining open
woodlands for desired wildlife species that utilize early successional forest, concentrating game
in areas convenient for hunting, and facilitating travel along extensive trail systems. Generally,
fires used by the Native Americans were periodic, low intensity surface fires that were ignited in
the spring or fall (Brose et al. 2001, Delcourt and Delcourt 1997).
European settlement led to the eventual displacement of the Native Americans from the
Eastern United States in the late 18th to early 19th centuries. Europeans changed the disturbance

regime in much of the eastern deciduous forest through widespread logging, grazing, and the
introductions of non-native insects, pathogens and plants into the disturbance regime. Timber
exploitation began in the late 1800s and with the advent of the steam engine most of the eastern
United States was logged by 1930. During this timber exploitation period, the pre-settlement
oak-pine-chestnut forests were rapidly converted to young coppice stands of oak and chestnut.
Many of the current mature Appalachian hardwood forests (second growth) originated after the
large harvesting operations and subsequent fire-related disturbances in the early 1900’s.
European settlement had dramatic effects on the disturbance regime of the region (Brose et al.
2001). Stand wide disturbances generally occurred in the Eastern United States approximately
every 21 years prior to European settlement (prior to 1775) and during heavy Euro-American
exploitation (1775-1900), but increased to a return interval of approximately 31 years after 1900
(Ruffner and Abrams 1998, Nowacki and Abrams 1997).
Catastrophic disturbances such as severe fires and large-scale windstorms occur less
frequently than gap creating disturbances especially in the hardwood forest types. Lorimer
(1977) found that the average recurrence interval of fire and large-scale wind-throw in
Northeastern Maine are approximately 800 and 1,150 years respectively. Canham and Loucks
(1984) estimated the return interval of catastrophic wind-throw events in Northern Wisconsin to
be 1,210 years. Whitney (1986) estimated the return interval for severe crown fires in Michigan
mixed conifer-hardwood stand to be 1,200 years.
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Regeneration Mechanisms
Following a disturbance, tree regeneration mechanisms vary depending on disturbance
intensity and the species regenerating following the disturbance. Severe disturbances favor
regeneration from seed and root sprouts. Seeds of some species invade the disturbed area by the
wind, wildlife, and possibly water. If suitable environmental conditions for seed germination do
not exist, some species employ a banking strategy. For example, yellow-poplar (Liriodendron
tulipifera) seeds can remain viable in the forest floor for approximately four to seven years
(Clark and Boyce 1964). Sassafras (Sassafras albidum) and black cherry (Prunus serotina)
seeds remain viable in the seedbank for approximately six years and three years respectively
(Wendel 1977). It has been estimated that the seeds of some species such as pin cherry can
remain viable for 50 to 150 years (Marks 1974, Graber and Thompson 1978), whereas species
such as red or black oak remain viable for only one growing season. In addition, large quantities
of acorns are consumed by insects, small rodents, deer, turkey, and other bird species (Marquis et
al. 1976).
Roots can survive disturbances which destroy the forest floor and living tissue close to
the soil surface allowing species that have the ability to produce root sprouts to reoccupy the
stand. Species vary in the degree to which they produce root sprouts and in the stimulation
needed to induce sprouting (Oliver and Larson 1996). Many oak species produce root sprouts
only after they have been top killed (Burns and Honkala 1990), while aspens and poplars will
produce root sprouts after the parent tree has only been damaged or weakened (Zimmerman and
Brown 1971).
Minor disturbances favor advance regeneration along with two other vegetative
reproductive mechanisms: stump sprouting and layering. Many tree species can germinate
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beneath a dense forest canopy but subsequently grow very little for an extended period of time
(Oliver and Larson 1996). Species that commonly exhibit this trait occur in the understory as
advance reproduction, and are typically shade-tolerant species such as maple and beech. Some
shade-intolerant species can also exist as advance regeneration. For example, black cherry can
survive for three to four years under an undisturbed stand. In stands where the canopy density
has been reduced by a minor disturbance such as a partial harvest, advance stems of black cherry
can survive longer in response to the increased light levels provided by the disturbance (Burns
and Honkala 1990). Advance reproduction is especially important for the regeneration of oak
species. Following a disturbance, red and black oak seedlings will be present in the newly
regenerated stand in proportion to the amount of advance reproduction present prior to the
disturbance, especially on mesic sites where recently germinated seedlings cannot grow fast
enough to compete with the stems of more vigorous species (Burns and Honkala 1990).
However, oak species can regenerate from seed provided that the disturbance coincides with an
acorn crop (Schuler and Fajvan 1999).
Most hardwoods can produce sprouts from the stumps of severed trees. The number and
vigor of stems sprouting from a stump primarily depends on the species, size, and vigor of the
parent stump. Small stumps generally produce more vigorous sprouts than larger stumps (Roth
and Hepting 1943, Soloman and Blum 1967, Oliver and Larson 1996). Also, stumps of trees
which were suppressed or weakened by pathogens or insects produce less vigorous sprouts than
the stumps of healthier trees (Oliver and Larson 1996).
Layering occurs when a stem or branch touches the ground or becomes buried by litter or
soil. The buried section develops roots and produces another individual (Oliver and Larson
1996). Layering is a common form of reproduction in deciduous woody vegetation such as
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greenbrier (Smilax rotundifolia) ,black raspberry (Rhubus occidentalis), rhododendron
(Rhododendron maximum) and mountain laurel (Kalmia latifolia), and in some conifer species.
In general, most tree species that compose Appalachian Hardwood stands do not demonstrate
this form of vegetative reproduction.

Canopy Gaps
Canopy gaps are created when a disturbance, such as a wind-throw, insect infestations, or
when a partial harvest removes overstory trees. The return interval of gap creating disturbances
typically ranges from 50-200 years (Runkle 1982). Gap size can range from a single-tree gap
created by the death of a single overstory tree to larger gaps formed by the removal of several
trees. While single-tree gaps transmit more light to the understory than a closed canopy, the
environmental conditions created promote the dominance of shade-tolerant species. Natural
canopy gaps in second growth forests are usually small and dispersed throughout the canopy.
The canopy gaps that form in second-growth forests generally do not increase seedling diversity
or richness, but do favor the development of shade-tolerant regeneration (Beckage et al. 2000,
Clebsch and Busing 1989). Seedling densities are especially low and unresponsive to gap
formation beneath a dense understory. Beckage et al. (2000) found that the amount of light
reaching the forest floor in response to the creation of a gap increases almost twofold in areas
where understory densities are low. However, light levels do not significantly change when a
dense understory is present.
Regeneration inside gaps varies according to gap size, location in the gap, and the orientation
of the gap. Larger gaps transmit more light to the understory which can provide favorable
conditions for the increased survival and growth of shade-tolerant and mid-tolerant species
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(McClure and Lee 1992, Barden 1981, Runkle and Yetter 1987, Poulson and Platt 1989). Berg
(2004) found no correlation of oak seedling survivorship with gap size, but an increase in basal
diameter and height of oak stems occurs toward the center of the gap. In small openings, with a
diameter less than ½ the height of the surrounding trees, environmental conditions are only
suitable for the survival and growth of shade-tolerant species, but when the opening is more than
two to three times the height of the surrounding trees conditions at the center of the opening are
about the same as those that would exist in larger openings (Minckler and Woerheide 1965).
Temperature extremes in small gaps may also impact regeneration. The greatest temperature
extremes occur when the diameter of an opening is 1 ½ times the height of the surrounding trees
(Geiger et al. 1995). In smaller openings temperature extremes are impeded by side-shade and in
larger openings the wind causes enough turbulent transfer of heat to buffer temperature extremes
(Smith et al. 1997).
Location within a gap influences a species’ likelihood of survival and growth. Generally,
shade tolerant species are relatively more abundant in gap edges, while intolerant species are
relatively more abundant in gap centers (McClure and Lee 1992). Marquis (1965) found that
openings in the canopy are shaded along the eastern edge in the morning, the western edge in the
afternoon, and the southern edge during both the morning and the afternoon hours. Seedling
survival and growth are greater in the northern end than in the southern end of canopy openings,
which corresponds with greater amounts of moisture and photosynthetically active radiation
(PAR) in the northern edge of the gap (Ashton 1996). Shading along gap edges corresponds to
the fact that tolerant species are relatively more abundant in gap edges, while intolerant species
are relatively more abundant in the center of the gap.
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Compass orientation and latitude also influence light levels within gaps. North-south
oriented gaps receive higher light levels than east-west oriented gaps leading to a greater
proportion of shade-intolerant species that reach the canopy in a north-south oriented gap
(Poulson and Platt 1989). Within forests not subjected to widespread disturbances, patterns of
light intensity in gaps should vary with latitude. In temperate regions, light intensities decrease
from the northern edge to the southern edge of the gap, while in tropical gaps light intensities are
the greatest near the center of the gap and decrease concentrically toward the gap edges (Poulson
and Platt 1989). On a smaller scale, the effects of latitude also result in differences in gap light
regimes across the geographic range of individual forest types (Canham et al. 1990).
The manner in which the gap forms also influences the type of growing space created by the
disturbance. Disturbances, such as harvesting, that sever trees above the ground, do not disturb
mineral soil, unlike tree falls that produce tip-up mounds. Blowdown uncovers buried seed and
provides a mineral soil seed bed for germination (Collins and Pickett 1987). For example,
Phillips and Shure (1990) found that after a partial harvesting operation, yellow-poplar, red
maple, and black birch seedlings were more abundant in areas where the litter was scraped off
the forest floor during logging.
Canopy mortality associated with gypsy moth (Lymantria dispar) defoliation is a common
cause of gap formation in eastern oak forests. The larval stage of the gypsy moth can precipitate
overstory mortality by defoliating trees and leaving them vulnerable to stresses such as drought,
pathogens, and other forest pests. Fajvan and Wood (1996) found that the decrease in overstory
oak basal area caused by defoliation occurred concurrently with an increase in the basal area of
subcanopy red maple. In response to the increased sunlight from overstory gaps, these
subcanopy maples expanded their crowns, shading the understory and causing a decline in height
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growth of the regeneration of most species in the understory. Ehrenfeld (1980) noted a similar
trend even in large gaps.
Allen and Bowersox (1989) found that following gypsy moth-related mortality, stands
develop abundant regeneration that was well distributed throughout the stand. However, the two
dominant regeneration species were red maple and black birch. In a similar study, Hix et al.
(1991) found that red oak regeneration increased in the Ridge and Valley physiographic province
in Maryland, but decreased in the Appalachian Plateau physiographic province in Pennsylvania.
However, the amount of undesirable species, such as red maple, blueberry, and greenbrier
increased in both physiographic provinces

Effects of Disturbance on Stand Development
Following a stand replacing (catastrophic) disturbance, the new vegetation in the
disturbed area typically develops according to three stages: stand initiation, stem exclusion, and
understory reinitiation. If no major disturbances occur throughout the first three stages of stand
development the stand will eventually reach a fourth stage of development, the old growth stage.
The stand initiation stage is the period after a disturbance when new individuals and
species invade the area for several years. The duration of this stage varies widely depending on
the size and intensity of the disturbance; growth rates of invading species; regeneration
mechanisms of invading species; coincidences of disturbance, seed crop, and weather; and
density and multiplication rate of seed predators and competing shrubs (Oliver 1981).
During stand initiation, new stems expand to fill the growing space made available by the
disturbance until one or more growth factors, especially light, become limiting. When a stand
reaches this point it is said to be in the stem exclusion stage of stand development. During stem
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exclusion, new stems do not appear in the stand and some of the existing ones die out and
survivors grow rapidly into vacated space. The surviving stems continue to grow larger and
begin to differentiate into different strata and crown classes (Oliver and Larson 1996).
Appalachian Hardwood forests typically consist of single cohort, mixed-species stands
that originated after a stand-replacing disturbance. The species in these stands usually stratify
into different canopy stratum based on their shade tolerance and growth rate. Shade intolerant
and intermediate species such as yellow poplar and red oak typically compose the upper strata
while more shade tolerant species such as sugar maple and red maple grow in the lower strata.
Within these upper and lower strata differentiation into dominant, co-dominant, intermediate and
overtopped crown classes occurs (Smith et al. 1996). Differentiation into crown classes is
caused by variations in spacing, microsite, and genetics. Trees in the dominant and co-dominant
crown classes attain these canopy positions by having rapid height growth traits, superior genetic
makeup, growing at an optimal spacing, or by growing on a microsite that provides optimal
growing conditions for the tree (Oliver and Larson 1996).
As the surviving trees grow larger, the limbs of overlapping crowns begin to break
against each other causing crowns to no longer overlap, which allows light to penetrate down
into the understory. The increase in light to the forest floor signals the beginning of the
understory reinitiation stage of stand development. During the understory reinitiation stage,
understory herbaceous and woody plants as well as tree species that exist as advance
regeneration, begin to grow on the forest floor. While the first two stages of development occur
relatively quickly, understory reinitiation can last from 60-150 years depending on site
conditions and the silvical properties of the species in the stand (Oliver and Larson 1996).
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In the absence of major disturbances, a stand can eventually reach the old growth stage of
stand development. The old growth stage is the final stage in the stand development process and
is quite difficult to define due to the fact that there are numerous definitions of what is a true old
growth stand. Smith et al. (1996) describes the beginning of the old growth stage as a point in
time when the majority of the original trees have died and one or more of the new age classes
compose parts of the top of the canopy. Another definition of old growth follows the (Oliver and
Larson 1996) process model, where the old growth stage is reached when the cohort created by
the stand initiating disturbance has completely died and the current stand consists of trees that
established and grew beneath the original cohort. Old growth stands are not all that common
because major disturbances occur to restart the process of stand development. If a stand
initiating disturbance does not occur, the stand will eventually begin gap phase regeneration.
Gap phase regeneration occurs when autogenic disturbances create small canopy gaps allowing
understory reinitiation to begin one tree at a time. The process of old growth development
involves continual understory reinitiation through these gaps. Understory reinitiation occurring
in this manner leads to the development of a multi-cohort stand. It must be kept in mind though
that all the disturbances creating these gaps must be autogenic for the stand to still be classified
as a true old growth stand (Oliver and Larson 1996).

Silvicultural Operations During the Stages of Stand Development
Early Release Operations
During the stand initiation stage, pre-commercial operations such as cleanings, weedings,
and liberation cuts are conducted. These operations consist of the removal of small stems (1-5
inches in diameter) either by felling or through the use of herbicides. Cleanings occur in stands
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not past the sapling stage and are designed to free desirable trees from undesirable stems of the
same cohort that overtop them or are likely to do so in the future. Liberation cuttings are similar
to cleaning, but liberation involves freeing sapling size trees from competition of trees from an
older cohort (Nyland et al. 2002). A weeding is the removal of all plants competing with a
desired species regardless of whether the crowns are above, beside, or below those of the
desirable trees (Smith et al. 1996).

Intermediate Treatments
Both pre-commercial and commercial intermediate silvicultural treatments, including
cleanings and thinnings, may be conducted during the stem exclusion stage. Cleanings are
conducted in a manner similar to the way they are conducted during stand initiation. Thinnings
remove the less desirable, lower vigor trees to reduce stand density, increase growth rate and
improve the overall health and quality of the stand, while maintaining uniform canopy cover
without the creation of lasting openings (Nyland 1996). There are several different methods of
thinning including low thinning, high thinning, geometric thinning, and free thinning. During
low thinning operations, trees are removed from the lower crown classes in order to mimic the
process of self-thinning during stem exclusion (Smith et al. 1996). Crown thinnings are designed
to remove trees from the middle and upper crown classes in order to open up the canopy and
increase the growth rate of the more vigorous trees. Geometric thinning operations are
conducted based on a predetermined spacing or some other geometric pattern with no regard to
the stems position in canopy. According to Smith et al. (1996), geometric thinning can be
advantageous in treating young stands that are dense and previously unthinned and have yet to
differentiate into crown classes. Free thinnings are designed to release only selected crop trees.
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Selection of crop trees relies upon some predetermined criteria based on a combination of factors
such as species, crown position, bole quality, and spacing interval (Nyland 2002). Areas in the
stand with trees not meeting the standards for being selected as a crop tree receive no treatment.

Even-aged Regeneration Methods
During the understory reinitiation stage, the silvicultural operations conducted are
generally commercial harvests designed to regenerate the stand. The goal of these harvests is to
create permanent canopy gaps or in the case of a clearcut to remove the overstory completely.
Treatments include regeneration harvests designed to promote one to multiple cohorts. These
operations may also be conducted during the old growth stage.
The complex structures of mixed hardwood stands typically require treatments to control
undesirable understory vegetation in addition to creating permanent canopy openings to ensure
the regeneration of desirable species (Loftis 1983, Loftis 1990, Kelty and Nyland 1981). For
example, reducing overstory density alone with shelterwood harvests will not create favorable
conditions for the establishment of desirable regeneration unless the vegetation on the forest
floor is also controlled (Johnson and Jacobs 1981). The objective of understory treatments is to
increase light levels on the forest floor and to reduce competition on desirable species. Lorimer
et al. 1994 found that in stands where understory removals are conducted there occurred up to
140 times as many natural oak seedlings as the untreated stand five years after the treatment. In
the pre-fire suppression era, repeated surface fires removed much of the mid and understory
strata which reduced low shading (Oliver and Larson 1996) and provided growing space for
desirable species (Van Lear 2004). In some locations, fire cannot be used as a silvicultural tool
so understory disturbances are created with mechanical or chemical techniques.
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Clearcutting
Clearcutting is an even-aged reproduction method that involves the total removal of all
vegetation in a single operation in an attempt to establish a new cohort of trees (Nyland 2002).
The purpose of clearcutting is to mimic a natural stand replacing disturbance, favoring the
establishment of shade-intolerant species and promoting the development of advance
reproduction of the more shade-tolerant and heavy-seeded species (Walters and Nyland 1989).
Advance regeneration, sprouts, buried seed, and seed from outside sources all contribute
to the future species composition of the stand, because clearcutting removes all standing trees in
a single step, the on-site source of new seed is also removed. Establishment of the next stand
depends on sprouts from the cut stumps, advance regeneration, and seed from outside sources
and buried seed. However, if abundant advance regeneration of heavy-seeded species, such as
oaks, is not present in the stand at the time of harvest, these species may be absent from the new
cohort (Barrett 1995, Bjorkbom and Walters 1986). Wang and Nyland (1993) found that species
present as advance reproduction comprise between two-thirds to three-quarters of the stem
density twenty years following the clearcut.
Most shade intolerant species tend to germinate following the harvest or sprout from the
newly cut stumps. On the other hand, shade tolerant species regenerated primarily through
advance reproduction that is released by the harvest (Trimble et al. 1986, Wang and Nyland
1993). However, advance stems of intolerance species such as black cherry will occur if the
stand has previously been subjected to a disturbance that provided partial canopy removal.
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Wang and Nyland (1993) list four factors that have an important influence on species
composition of the new stand following a clearcut: 1) species composition of the initial stand 2)
species composition of the surrounding forest 3) the species’ silvical properties 4) the species
growth rate. The species composition of the initial stand is important because mature overstory
trees serve as sources of advance regeneration, a seed source, and a source of sprouts following
the harvest. The species composition of the surrounding forest is important because it is a source
of light seeded species that can be blown onto the site, especially for those species that are not
present in the stand prior to the harvest. The silvical characteristics of the regeneration species
are important because shade tolerant species will be maintained in the new stand with advance
regeneration. Shade intolerant species will be added to the new stand with new seedlings and
sprouts. Finally, species growth rate is important because fast growing species tend to dominate
early and will eventually become a major component of the new stand if they are long-lived.

Shelterwood
The shelterwood regeneration method consists of a series of harvests that are intended to
regenerate a new even-aged stand under the shelter of residual overstory trees (Loftis 1983).
Development of the shelterwood method is credited to the German forester G.L. Hartig, who
developed it in the early 1800’s as a method of regenerating beech and oak stands. Today, the
shelterwood method is a popular even-aged management technique in the northern United States
because of its flexibility in timing and configuration, relatively low risk of failure and improved
aesthetics compared to other even-aged management methods (Hannah 1998).
There are three component treatments of the shelterwood method: preparatory cutting;
establishment cutting; and removal or final cutting (Nyland 2002). The preparatory cut is an
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optional thinning treatment that is only conducted if there are insufficient numbers of vigorous
overstory trees providing good seed production in the stand. The establishment harvest is
utilized to promote seed germination and seedling establishment underneath reserve trees. The
establishment cutting removes understory vegetation (low shade) and creates permanent
openings in the main canopy, thus reducing competition for light and soil moisture sufficiently to
support a new age class. The final treatments of the shelterwood method are the removal
harvests, which remove the overwood in a series of one to several harvests, leaving the new
cohort free to grow.
The treatments applied in a shelterwood harvest are designed to promote germination,
enhance the development of small advance regeneration, and release advance regeneration that
has already been established (Loftis 1983, Loftis 1990, Dey and Parker 1996). The amount of
overstory removed during the establishment cut depends on management objectives. For
example, if oak is the desired regeneration species, then full crowned oaks in codominant or
dominant crown classes should be retained in the overstory to inhibit understory competition
from species such as yellow-poplar (Loftis 1983, Loftis 1990 Dey and Parker 1997). It is also
necessary to retain more basal area with increasing site index to inhibit faster growing species,
such as yellow poplar, from taking advantage of the newly opened growing space (Loftis 1990,
Schuler and Miller 1995). The effects of residual trees on regeneration growth and survival vary
with site conditions and understory species. Ray et al. (1999) found that the retention of widely
spaced trees have no profound affect on the development of the new cohort for at least 20 years
after the initial harvest.
Auclair and Cottom (1971) point out the increase in the density of understory vegetation
as overstory density decreases as an important limitation of increasing desirable regeneration
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with a shelterwood harvest. Perhaps the most important treatment of a shelterwood harvest is the
removal of the subcanopy and interfering understory vegetation. Schelesinger et al. (1993)
found that for increasing the number of large advance seedlings, heavy understory treatments are
nearly twice as effective as less intense understory treatments. Schuler and Miller (1995) found
that after four growing seasons, understory treatments increased the survival of underplanted red
oak seedlings to greater than 90 percent, but survival declined after seven growing seasons due to
the re-emergence of the treated understory.
Removal of interfering vegetation can be done with herbicides, through mechanical
means, or through a combination of the two. Kelty and Nyland (1981) used a mist applicator
herbicide prior to the seed cutting of a shelterwood to control interfering stems of American
Beech (Fagus grandifolia). Lorimer et al. (1994) removed competing understory vegetation
from a mature oak stand with a combination of chemical and mechanical means.

Uneven-aged Regeneration Methods
Single tree selection
The single tree selection method is an uneven-aged system that involves removing single
trees from the stand in order to create environmental conditions favorable for the regeneration of
a new age class within the opening (Nyland 2002). The single tree selection system
simultaneously removes sawtimber size trees and tends to the growth and development of
immature classes by applying intermediate treatments (Mader and Nyland 1984). Single tree
selection reduces stocking by removing cull and defective trees which in turn reduces mortality
losses and accelerates diameter growth resulting in increased net annual growth (Bedard and
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Majcen 2003, Johnson 1984). Harvesting in this manner also results in a substantial
improvement in timber quality (Johnson 1984, Della-Bianca and Beck 1985).
The single tree selection method is a reliable method for regenerating shade tolerant
species such as sugar maple, however harvesting stands in this manner is not appropriate for the
regeneration of shade intolerant species (Smith and Miller 1987, Crow and Metzger 1987, Leak
and Filip 1975). In the years immediately following a single tree selection harvest, there is a
tendency for shade-intolerant species to germinate and grow for a few years but eventually these
stems will stagnate or die as the canopy closes (Trimble 1973). Shade-intolerant stems that
survive to become a part of the new stand are typically relegated to the larger canopy openings
(Trimble 1965). Treatments that reduce the stand to lower densities improve chances for midtolerant species to regenerate, however when shade tolerant species become established as
advance regeneration under the canopy, they develop rapidly following release and tend to
dominate the new age classes (Nyland 1996). If increasing stand diversity is a management
objective, single tree selection should not be implemented because the increase in shade tolerant
species causes a decline in stand level species diversity (Schuler 2004).

Group selection
Group selection harvesting is the practice of creating large canopy openings by removing
clusters of adjacent trees. To be considered a true group selection harvest, the trees must belong
to the same cohort, otherwise the harvested gap would be termed a patch clearcut (Nyland 1996).
The group selection method creates conditions for the regeneration of mid-tolerant and shade
intolerant species (Crow and Metzgar 1987, Leak and Filip 1975). However, some studies have
found that rapidly growing shade intolerant species are favored in the openings to the detriment
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of slower growing mid-tolerant species such as oak (Weigel and Parker 1997, Standiford and
Fischer 1980).
The composition of the regeneration following a group selection harvest greatly depends
on opening size. Small forest openings offer only temporary growing space that can only be
utilized by understory shrubs and herbaceous vegetation. Generally, the diameter of a group
selection opening should be at least equivalent to the height of the surrounding overstory trees to
promote the establishment of shade intolerant species (Minckler and Woerheide1965). Dale et
al. (1992) found that smaller openings have a higher proportion of shade tolerant species and
have ¼ the amount of basal area as larger openings do. Regeneration in smaller canopy openings
is more susceptible to damage from deer browsing, resulting in reductions of regeneration and
changes in species composition within the opening.

Two-aged Regeneration Methods
Nyland (2002) defines two-aged management as the process of removing most of the
overstory in a single harvest in order to regenerate a new stand. One example of a two-aged
management strategy is the irregular shelterwood method. The irregular shelterwood method
involves leaving widely spaced, vigorous trees, called reserve trees, to grow with the new cohort
for all or part of the next rotation. Following an irregular shelterwood harvest, the residual stand
resembles a seed tree harvest in the fact that some overstory trees are retained in the stand
(Miller et al. 1997). The irregular shelterwood method is designed to regenerate a variety of
hardwood species much like an even-aged reproduction harvest, but still maintains the attributes
of a two-aged stand structure for aesthetics, wildlife habitat, to encourage additional growth on
reserve trees, and to maintain other non-timber benefits. The length of time that reserve trees are
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kept depends on reserve tree vigor and financial objectives (Nyland 1996), but ultimately land
owner objectives determine when the reserve trees are to be harvested (Nyland 1996).
Early in the development of the new cohort, regeneration composition is similar to what
would be expected if the stands had been completely clearcut (Smith et al. 1989, Miller and
Schuler 1995). Nineteen years after the harvest, Miller et al. (2006) found that yellow-poplar,
black cherry, red maple, and black birch accounted for most of the codominant stems in the new
cohort. In addition, DBH and height of codominant reproduction increased as distance from the
residual ovestory tree increased. The residual overstory trees also significantly influenced the
species occupied by codominant reproduction with highest basal areas of intolerant and midtolerant species occupying the gaps between residual tree crowns. They predicted that in several
more years nearly half the stand would be shaded by residual overstory trees, restricting the
growth and survival of shade-intolerant and mid-tolerant species in the new cohort.

Partial Harvesting
Diameter Limit Harvesting
Diameter limit harvesting is not a silvicultural treatment, yet it is the most common
method of sawtimber removal in the state of West Virginia. In 1993-94, diameter limit
harvesting was the method of choice on 85% of the timber harvests in the state. (Fajvan et
al.1998). Extracting sawtimber in this manner involves harvesting all trees in a stand larger than
a specified diameter. Following a diameter limit harvest, residual trees are often irregularly
distributed, with some portions of the stand well stocked and others practically clearcut (Blum
and Filip 1963, Hart 1964, Trimble 1971). In some cases, harvesting according to diameter
limits will uncover an understory that interferes with the regeneration of desirable trees, leading
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stands to be dominated by non-commercial and low value species (Nyland 1992). Further,
diameter limit harvest can release a shade tolerant subcanopy that can interfere with the
regeneration of desirable species. For example, red maple commonly dominates the subcanopy
of hardwood stands. Partial harvesting techniques such as diameter limit harvests increase light
levels to these subcanopy red maples allowing them to expand their crowns, which hinders the
growth of desirable species in the understory (Fajvan and Wood 1996). The effects that diameter
limit harvesting has on stand structure are much different that the effects that silvicultural
operations such as thinnings and shelterwood harvests have on stand structure. The objective of
a thinning is to remove the less desirable, lower vigor trees from the stand to improve overall
stand quality without creating lasting holes in the canopy. The objective of a shelterwood
harvest is to regenerate a new cohort through the removal of understory and subcanopy
vegetation along with a designed reduction in overstory density. In contrast, diameter limit
harvesting creates lasting gaps in the canopy, leaves some areas of the stand overstocked, and
leaves understory and subcanopy vegetation to compete with desirable stems.
Diameter limit harvesting can provide high initial economic returns (Reed et al. 1986,
Erickson et al. 1990) because removals target high-value products (Filip 1967). Unlike thinning
or the shelterwood method, harvesting in this manner does nothing to improve the growing stock
left in the residual stand because vigorous trees growing above the diameter limit are removed,
leaving slower growing and poorer quality stems to remain in the stand (Blum and Filip 1963,
Hart 1964, Miller and Smith 1991, Nyland 1992).
The irregular stocking following a diameter limit harvest is a potential source of loss of
merchantable timber growth (Trimble 1971). Irregular stocking may also result in changes in
species composition of the stand, with intolerant species utilizing the larger openings created by
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the harvest, and tolerant species utilizing the well stocked areas. Although some intolerant
species such as black cherry and yellow poplar can germinate and successfully compete in the
canopy gaps created by a diameter limit harvest, the overall trend shows that stands preceding a
diameter limit harvest are dominated by shade tolerant species such as sugar maple, red maple,
and American beech (Miller and Smith 1993, Smith and Miller 1987, Trimble 1973, Heiligmann
and Ward 1993). Although if the diameter limit is low enough stands can resemble a clearcut.
Diameter limit harvests further impact the stand by contributing to the loss of seed sources of
valuable shade-intolerant species, because these species are usually removed from the stand and
the remaining stand structure conditions are not conductive for the regeneration of intolerant
species (Miller and Kochenderfer 1998).
Any logging damage occurring during a diameter limit harvest further detracts from the
opportunity to produce quality sawtimber. During a diameter limit harvest, the largest trees are
removed, so the residual stand is dominated by smaller, lower quality stems. The trees being
harvested during a diameter limit harvest tend to be clumped, thereby restricting damage to a
smaller portion of the harvest area. When compared to other silvicultural operations such as
thinnings, the residual trees following a diameter limit cut harvest tend to have less damage
(Hassler et al. 1999). However, Fajvan et al. (2002) found that 12 in. diameter limit harvests
created the highest number of destroyed trees, had the highest frequency and largest wounds
from felling, and the greatest amount of crown damage when compared to a 16 in. diameter limit
harvest and an establishment cut of the shelterwood method.
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White-Tailed Deer (Odocoileus virginianus) effects on forest regeneration
High white-tailed deer densities have severe impacts on forest regeneration. Seedling
height, seedling number, and species composition are all negatively affected by deer density
(Tilingham 1989, Horsley et al. 2003). Deer affect regeneration directly by browsing seedlings.
Also, deer can affect regeneration indirectly by facilitating the dominance of non-preferred,
browse resistant species, such as hay-scented, and New York fern, which can lead to a reduction
in seedling growth. Dense fern covers inhibits the establishment and growth of some tree species
so even if deer herbivory is eliminated, these species will be prevented from establishing if
regeneration sources are removed (Horsley and Marquis 1983).
Deer feed on a wide variety of plant materials, including herbaceous and woody stems.
Deer commonly eat grasses, forbs, fruits, nuts, leaves, and twigs. Maples, oaks, ash, birch, and
elm are commonly listed species that are of high preference to deer. Commonly listed low
preference species include black cherry, hickories, sourwood, and beech.
Browse selection by deer also varies seasonally. For example, in central Pennsylvania
red maple is browsed heavily in winter, while white ash and yellow birch are browsed mainly in
summer, and yellow poplar and cucumber magnolia were browsed equally in all seasons
(Bramble and Goddard 1953). Softwood species are eaten primarily during winter, while
hardwood tree and shrub species are eaten throughout the year. Ferns are eaten only in small
amounts in the winter, spring, and summer, and mushrooms are eaten only during autumn
(Crawford 1982). Healy (1971) found that the winter diet of deer consists primarily of tree and
shrub twigs and bramble twigs. Dry leaves, evergreen ferns, and grasses are other important
food items in the winter with a shift to the new growth of ferns, grasses, sedges, and forbs.
Brambles are the most important year-round food source. Healy (1971) also found that the bulk
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of spring, summer, and early autumn feeding on commercial timber species is on leaves, while
terminal twigs of these species are consumed primarily in winter.
Along with seasonal and species preferences, deer also have preferences of browse
location. The consumption of twigs of preferred species is greater in clearcuts than in an uncut
forest because there is an immediate flush of new sprout growth that is easily accessible. The
mass of individual twigs of browse species increases significantly in response to clearcutting and
are significantly more nutritious than twigs from an uncut forest. After clearcutting, protein
concentrations in red maple twigs increase about 63%, and concentrations of protein in yellow
birch and mountain ash increase by as much as 14% and 27%, respectively (Hughes and Fahey
1991).
Canopy gap size can influence the dynamics and effects of deer herbivory. In partial
disturbances, regeneration in gaps is not uniformly distributed like in a clearcut so browsing is
more concentrated leaving regeneration in smaller canopy openings more susceptible to damage
which can result in reductions of regeneration and changes in species composition. Seedlings
growing in partial shade grow slowly, allowing these seedlings to be subjected to deer browsing
for many years. Deer usually eliminate desirable seedlings before they can grow above the
browse line (Marquis and Brenneman 1981). Petersen and Wallis (2004) conducted a study
comparing canopy gap dynamics of a forest located on a private wildlife reserve in central
Pennsylvania, where hunting is prohibited, to the gap dynamics of a forest on nearby state game
lands. The density of stems that could possibly join the overstory on the reserve forest was 19
stems per hectare compared to 4,500 stems per hectare on the state game lands.
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Chapter 2: The Effects of Residual Trees on Regeneration Dynamics
Following a Diameter Limit Harvest
Introduction
Diameter-limit cutting is a type of sawtimber harvest where trees larger than a specified
diameter are removed from a stand. Diameter-limit harvesting can provide high initial economic
returns (Reed et al. 1986, Erickson et al. 1990) because removals target high-value species and
stem quality (Filip 1967). Residual stand quality is affected because the largest, most vigorous
trees with good stem form are removed, leaving slower growing, poorer quality stems in the
stand (Blum and Filip 1963, Hart 1964, Miller and Smith 1991, Nyland 1992). Harvesting in this
manner produces a spatially irregular stand structure with some portions of the stand well
stocked and others with little to no overstory (Blum and Filip 1963, Hart 1964, Trimble 1971,
Grushecky and Fajvan 1999).
In eastern hardwood forests, diameter-limit cutting can lead to the loss of seed sources of
valuable shade-intolerant species, because these species often constitute the largest stems in the
stand (Fajvan et al. 1998). The presence of residual trees in post-harvest stands can create
unfavorable conditions for the regeneration of shade intolerant species (Miller and Kochenderfer
1998). Therefore, tree species biodiversity can also be reduced as a result of diameter-limit
cutting (Schuler 2004) because post-harvest stands are dominated by shade tolerant species
(Miller and Smith 1993, Smith and Miller 1987, Trimble 1973, Heiligmann and Ward 1993).
Appalachian hardwood stands typically contain 20-30 tree species (Miller and
Kochenderfer 1998) that coexist in multi-layered canopies stratified by species, shade tolerance
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and growth rate (Oliver and Larson 1996). Through creation of canopy gaps, diameter-limit
cutting causes growth increases of shade-tolerant subcanopy species, increasing the amount of
low shade on the forest floor (McClure and Lee 1992, Barden 1981, Runkle and Yetter 1987,
Poulson and Platt 1989). For example, red maple commonly dominates the subcanopy of many
Appalachian hardwood stands. Overstory disturbance creates favorable conditions for red maple
crown expansion which hinders the growth and development of shade-intolerant species in the
understory (Fajvan and Wood 1996).
Following a diameter limit-harvest, the spatial distribution of residual basal area may
have an influence on regeneration dynamics. Ray et al. 1999 found that retention of widely
spaced residual trees in the stand following a shelterwood establishment cut had no effect on
regeneration dynamics, however residual trees following a diameter limit harvest are irregularly
distributed throughout the stand leaving alternating canopy gaps and tree clumps throughout the
stand (Trimble 1971). Irregular residual stocking may alter the spatial distribution of
regenerating species, with intolerant species utilizing the larger openings created by the harvest,
and tolerant species utilizing the well stocked areas.
The purpose of this study was to examine the effects of diameter-limit cutting on
regeneration dynamics in Appalachian hardwood stands. We determined if shading produced by
the residual trees affected regeneration species composition, size (height, diameter) and spatial
distribution. Specifically we tested if: (1) The presence of residual trees will be more favorable
to the development of shade tolerant species compared to shade-intolerant species (2) The
density of residual overstory trees had a negative effect on regeneration size.
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Methods
Study Area and Stand History
The study area is located in a 75- year-old mixed mesophytic hardwood stand (Braun
1950) located on the 8,000-acre West Virginia University research Forest in Monongalia County,
West Virginia (Figure 1). The overstory is primarily dominated by northern red oak (Quercus
rubra) and yellow-poplar (Liriodendron tulipifera) with lesser amounts of chestnut oak (Quercus
prinus), white oak (Quercus alba) and red maple (Acer rubrum). Soils on the site consist of
Dekalb channery loam with slopes ranging from 8 to 15%, and Dekalb very stony loam with
slopes ranging from 3 to 65% (USDA Soil Conservation Service 1982).
During the autumn of 1993, all merchantable trees greater than 16 inches in diameter at
4.5 ft. above the ground (dbh) were harvested from four 10-acre blocks that were randomly
selected from four different 40-acre stands. Following the harvest, residual density within these
blocks ranged from 30-60 ft2/ac. By 2003, basal area of stems ≥ 5 inches in diameter ranged
from 75-102 ft2/ac.
Overstory tree and transect measurements
In 2003, data were collected on 260 randomly selected residual overstory trees, referred
to as subject trees. A 100% inventory of each stand was first conducted and representative trees
within the diameter classes of each species were chosen as subject trees. Table 1 provides
information on number, species, and size class of the overstory trees selected in each stand.
Measurements on the subject trees included species, total height, dbh, height to base of live
crown, and the crown radius along the 0°, 90°, 180°, and 270° azimuths from the base of the tree
stem. Slope and aspect of the site on which the overstory tree was growing were also recorded.
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Regeneration of all stems ≥ .6 in dbh and oak stems ≥ 4.5 ft tall was tallied along four
transects established along the same four azimuths that were used to measure the crown radii of
the overstory tree. The transect design was similar to that used by Miller et al. (2006). All oaks
≥ 4.5 ft in height were included to increase the sample size because oak saplings were less than
0.6 inches in diameter. Each transect was 5 ft wide (Figure 2) and the length was equal to the
crown radius plus an additional five feet, therefore transect length was variable. Total height of
regeneration was measured using a telescoping height pole. Other regeneration measurements
included species, dbh, crown class (evaluated within the understory stratum), and distance from
the bole of the subject tree. The distance to any additional overstory trees whose crown was
overtopping saplings in the transects was also recorded.

Statistical Analysis
Overstory Summary
Overstory basal area per acre was measured by establishing 1/10th acre circular plots
around each subject tree. However, basal area measurements were available for only 187 of the
260 subject trees because residual trees growing in a portion of one stand had been harvested
prior to this phase of data collection. Crown projection areas were also calculated for each
subject tree. Inequality of basal area per acre among species was tested and species differences
in crown projection area were compared with an ANOVA using the PROC GLM procedure in
SAS (SAS Institute Inc. 2004). Duncan’s New Multiple Range Test was used to compare basal
area per acre and crown projection area means between individual overstory species.
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Understory Summary
Of the 260 subject trees sampled, understory data from only 217 were used in the analysis
because regeneration was absent from all four transects associated with 43 subject trees. Data
were combined across all stands for analyses. Relative saplings densities were calculated for
each sapling species as:
Relative Density =Trees per acre of a single species / Trees per acre of all species
Means of total height, dbh, and basal area per acre were also calculated for saplings according to
species and shade tolerance group. Species were grouped into three tolerance classes: intolerant,
mid-tolerant, and tolerant, which allowed for the inclusion in the analysis of all species in the
stand whose samples sizes were too small to be analyzed individually . The intolerant group was
composed of black cherry, black birch, yellow-poplar, pin cherry (Prunus pennsylvanica), black
locust (Robinia pseudoacacia) and sumac (Rhus spp.). The mid-tolerant group consisted of red
oak, black oak, white oak, chestnut oak, American chestnut (Castanea dentata), slippery elm
(Ulmus rubra), and white ash (Fraxinus americana). The tolerant group consisted of red maple,
black gum (Nyssa sylvatica), hickory (Carya spp.), striped maple (Acer pennsylvanicum), sour
wood (Oxydendrum arboretum), and dogwood (Cornus spp.).
Mean heights, diameters, and basal areas were compared using repeated measures
analysis of variance with the MIXED procedure in SAS. All variables were log transformed
prior to analysis. Species with less than 100 individual stems were not included in this analysis,
because sample sizes were further reduced when comparisons were made according to location
relative to the canopy of the subject tree. Species with ≥100 individual stems included black
cherry, black birch (Betula lenta), red/black oak, red maple, sassafras (Sassafras albidum), and
yellow-poplar. The analysis was also conducted with intermediate and overtopped stems
removed from the dataset.
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In order to examine the effects of subject tree crowns on reproduction, saplings were
assigned a position relative to the canopy of the subject tree. Stems growing under the canopy of
a single subject tree were assigned the relative position of “under”. Understory stems growing
outside of the subject tree crown were assigned the position of “out”. Regeneration growing
outside the canopy of the subject tree, but under the canopy of another residual tree was assigned
the position of “out2” and finally, stems growing under the canopy of the subject tree in addition
to the canopy of another residual overstory tree were assigned the position of “under2”. Mean
basal area values were not calculated on a per acre basis because the length of the transect within
each of the four positions relative to the canopy of the subject tree was not measured.
Sapling height, dbh, and basal area relative to the subject tree were compared using a
general linear mixed model with fixed terms for the main effects of species or shade tolerance
group, location (repeated factor), and their interaction modeled in the MIXED procedure in SAS.
Estimate statements were used to compare the three dependent variables between the four
positions relative to the subject tree canopy, and between the six selected regeneration species.
The general linear mixed-models repeated measures analysis is:
yijk = μ + αj + (β + φi) χij + γk+ (αγ)ik + eijk
Where:
yijk = the sapling height, diameter or basal area at the kth location on the jth
subject tree of the ith species or tolerance group
μ = overall mean
αj = the fixed intercept for the kth location
β = the overall regression coefficient (slope) for the covariate
φi = the slope effect for the ith species or tolerance group
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χij = covariate (plot basal area per acre)
γk = the fixed effect of the kth location
(αγ)ik = the fixed effect of the interaction between the ith species/tolerance group
and the kth location
eijk = the random error associated with the jth species/tolerance group at the jth
subject tree at the kth location
Modeling Dependent Variables as a Function of Overstory Basal Area
To determine if there was an understory response to residual tree basal area, overstory
basal area was added to the models as a covariate. However, the addition of overstory basal area
as a covariate further reduced the number of subject trees included in the analysis to 187 due to
the fact that a portion of one of the stands had been harvested before the overstory basal area data
was collected. Regeneration species and location relative to the subject tree canopy remained the
fixed effects for this portion of the analysis, with overstory basal area and the interaction of
overstory basal area and regeneration species being the covariate terms added to the model.
An ANCOVA was used to test whether the slope of the overstory basal area term in each
model equaled zero. If the slopes were equal to zero, then equal or unequal slope models were
fit to the data. Regression lines were then plotted as a function of overstory basal area. Similar
lines were fitted for dominant and codominant stems. Overstory basal area had significant
effects on sapling total height and dbh models and unequal slope models were then constructed.
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Results
Overstory Structure
The overstory primarily consisted of yellow-poplar, red maple, and red/black oak. Lesser
amounts of chestnut oak, white oak, black cherry, sassafras, hickory, black gum, black birch, and
sugar maple were also found in the overstory. Yellow-poplar was the dominant species with
basal area per acre values significantly greater than any other species in the stand (Table 2). Red
maple basal area per acre was significantly greater than the basal area of chestnut oak, white oak,
black cherry, and sassafras. Red/black oak basal area was significantly greater than chestnut
oak, white oak, black cherry, and sassafras (Table 2).
Yellow-poplar had a significantly smaller crown projection area than red/black oak,
chestnut oak and red maple. Red/black oak had a significantly greater crown projection area
than red maple and white oak (Table 3).

Understory Structure
The most important sapling species found on the site was black cherry, followed by red
maple, red/black oak, yellow-poplar and sassafras. Striped maple, sour wood, black gum, dog
wood, white ash, black locust, hickory, and chestnut oak were also found in the stands, along
with fewer stems of sumac, sugar maple, American Chestnut, white oak, fire cherry, and elm
(Figure 3). Mean heights and diameters of yellow-poplar, black birch, black cherry, red maple,
and sassafras appear similar (Table 4), but black birch total height was significantly greater than
sassafras (p=.0088), black cherry height was significantly less than red maple (p= .0074) and
yellow-poplar (p=.0058), red maple height was significantly greater than sassafras (p=.001), and
sassafras height was significantly less than yellow-poplar (p=.0008). Black birch diameter was
significantly less than red maple (p <.0001) and yellow poplar (p=.0001), black cherry diameter
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was significantly less than red maple (p <.0001) and yellow-poplar (p <.0001), and sassafras
diameter was significantly less than yellow-poplar (p=.0002). The red/black oak group was
significantly shorter and smaller in diameter than the remaining five species (Tables 4 and A1).
Black cherry basal area per acre was significantly greater than all of the other five most
important species (Tables 4 and A1). Basal area per acre of red/black oak stems was
significantly less than black birch (p = .0142), red maple (p <.0001), and yellow-poplar (p
=0.0002). Red maple basal area per acre was significantly greater than sassafras (p <.0001) and
yellow-poplar (p =.0295). Yellow-poplar basal area per acre was significantly greater than
sassafras (p = .0019).
Dominant and codominant yellow-poplar were tallest followed by black cherry, red
maple, and black birch, however none of these means were significantly different from each
other. Dominant and codominant stems of red maple had the greatest mean diameter, followed
by yellow-poplar, black cherry, and black birch, but only red maple was significantly greater in
diameter than black cherry (p = 0.04) and black birch (p=0.04) (Tables 5 and A2). Dominant
and codominant stems of black cherry had the greatest basal area per acre followed by red maple,
yellow-poplar, and black birch (Tables 5 and A2). Basal area per acre of dominant and
codominant stems of black cherry was significantly greater than black birch (p <.0001) and
yellow-poplar (p = .0003). Red maple basal area per acre was significantly greater than black
birch (p = 0.02).
Shade tolerant species were significantly taller and larger in diameter than intolerant and
mid-tolerant species (Tables 6 and A3). Height and diameter of intolerant species were
significantly greater than mid-tolerant species (p = .0009). Basal area per acre of intolerant
species was greater than basal area per acre of mid-tolerant (p <.0001) and tolerant species (p
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=.1193). Mid-tolerant species basal area per acre was significantly less than both shade intolerant
and shade tolerant species (Tables 6 and A3).
Dominant and codominant stems of shade tolerant species were greater in total height and
diameter than shade intolerant species (Tables 7 and A4). Basal area per acre of dominant and
codominant intolerant stems was significantly greater than tolerant stems (p = 0.02 ).

Modeling the Effects of Subject Trees on Regeneration
Location Comparisons
The interaction of species and location proved to be non-significant in the total height and
diameter models, but the species/location interaction was significant for sapling basal area (Table
A5). In order to increase sample size, analysis of variance of height, diameter and basal area
were also conducted with all species combined. The red/black oak group and sassafras were
dropped from analyses using only dominant and codominant stems because of insufficient stems.
Black birch basal area in the “out” position was greater than “under”, “out2” and
“under2”, and basal area in the “under2” position was significantly lower than either “out” or
“under” (Tables 10 and A8). Black cherry basal area in the “under” position was greater than
“out”, “out2”, and “under2”, and its basal area in the “out” and “under” positions was
significantly greater than “out2” and “under2” (Tables 10 and A8). Yellow-poplar basal area
was greater in the “under” position than “out”, “under2”, and “out2”, and basal area was
significantly greater “under” than “out2” (Tables 10 and A8). Red maple basal area was
greatest in the “under” position followed by “out2”, “out”, and “under”. Red/black oak basal area
was greatest in the “out” position followed by “under”, “out2”, and “under2”. Sassafras basal
area was greatest in the “under2” position followed by “under”, “out”, and “out2” (Table 10).
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When all species were combined, mean total height and diameter of saplings in the “out”
position were significantly greater than heights and diameters in “under”, “out2”, and “under2”
(Tables 8 and A6). Mean height of stems growing in the “under” and “out2” positions was
significantly greater than the total height of stems growing in the “under2” position (Tables 8
and A6). Sapling basal area was similar in the “out” and “under” locations, but both were
significantly greater than in “out2” and “under2” (Tables 8 and A6). Sapling basal areas in the
“under” and “out” positions were significantly greater than basal areas found in the “out2” and
“under2” positions (Tables 8 and A6).
Mean height of dominant and codominant stems in the “out” position was significantly
greater than “out2” or “under2”. Mean height of dominant and codominant stems in the “under”
position was significantly greater than “under2” (Tables 9 and A7). Mean diameter of dominant
and codominant stems in the “under2” position was significantly smaller than “out” and “under”
(Tables 9 and A7). Basal area of dominant and codominant stems in the “out” position was
significantly greater than “under”, “out2”, and “under2”. Basal area of dominant and
codominant stems in the “under” position was significantly greater than “under2” (Tables 9 and
A7).
The tolerance level-location interaction was significant in the total height, diameter, and
basal area models (Table A10) probably because of the increased sample size created by the
groupings. However, removal of intermediate and overtopped stems reduced the sample size of
mid-tolerant stems to five, so the mid-tolerant class was removed from the model.
Mean total height and diameter of saplings in the “out” position were significantly
greater than heights and diameters in “under”, “out2”, and “under2” (Tables 11 and A11). Mean
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diameter of stems growing in the “under” and “out2” positions was significantly greater than the
total height of stems growing in the “under2” position (Tables 11 and A11).
Mean total height and mean diameter of shade intolerant species was greatest in the “out”
position (Tables 13 and A13). Shade intolerant stems in the “out” position were significantly
greater in height than intolerant stems in “under2”. Shade intolerant stems in the “out” position
were significantly greater in diameter than intolerant stems in “out2” and “under2”. Intolerant
stems in the “under” position were significantly greater in diameter than intolerant stems in
“under2” (Tables 13 and A13). Basal area of shade intolerant species in the “under” and “out”
positions were similar to each other, but both were significantly greater than basal area in “out2”
or “under2” (Tables 13 and A13).
Mean total height, mean diameter, and basal area of mid-tolerant species were all greatest
in the “out” position (Tables 13 and A13). Mid-tolerant stems in the “out” position were
significantly taller, had a greater diameter, and had a greater mean basal area than stems in the
“under”, “out2”, and “under2” positions. Mid-tolerant stems in “out2” position were also
significantly greater in total height than mid-tolerant stems in “under”. Mid-tolerant stems in the
“under” position were significantly greater in diameter than stems in the “under2” position, but
significantly less than stems in the “out2” position. Basal area of mid-tolerant species in the
“under” position was significantly greater than the basal area of similar species in the “under2”
position (Tables 13 and A13).
Total height, mean diameter, and basal area of shade tolerant species were greatest in the
“out” position followed by the “under”, “out2”, and “under2” positions (Tables 13 and A13).
Tolerant stems in the “out” position were significantly greater in height and diameter than
tolerant stems in the “under”, “out2”, and “under2” positions. Tolerant stems in the “under”
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position were significantly greater in height than tolerant stems in the “under2” position. The
diameter of tolerant stems in the “under” position was significantly smaller than the diameter of
similar stems in the “out2” position, but significantly greater than tolerant stems in the “under2”
position. Tolerant stems in the “out” position had a significantly greater basal area than tolerant
stems growing in “under” and “out2”. Tolerant stems also had a significantly greater basal area
in the “under” position than in “under2” (Tables 13 and A13).
Mean height of dominant and codominant stems in the “out” position was significantly
greater than “out2” or “under2”. Mean height of dominant and codominant stems in the “under”
position was significantly greater than “under2” (Tables 12 and A12). Mean diameter of
dominant and codominant stems in the “under2” position was significantly smaller than “out”
and “under” (Tables 12 and A12). Basal area of dominant and codominant stems in the “out”
position was significantly greater than “under”, “out2”, and “under2”. Basal area of dominant
and codominant stems in the “under” position was significantly greater than “under2” (Tables 12
and A12).
Species-Shade Tolerance Group Comparisons
Yellow-poplar stems in the “under” position were taller and larger in diameter than all
other species (Table 10). Yellow-poplar basal area was significantly greater than all other
species in the “under”, “out”, and “under2” positions (Tables 10 and A9).
The red/black oak group was shorter and smaller in diameter than all other species in
every position relative to the canopy of the subject tree (Table 10). Red/black oak basal area was
significantly lower than all other species in every position relative to the canopy of the subject
tree (Tables 10 and A9).
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Red maple was taller and greater in diameter than all other species in the “out2” and
“under2” positions. Except for yellow-poplar, the basal area of red maple in “out2” and
“under2” was significantly greater than the basal area of all other species (Tables 10 and A9).
Sassafras total height was greater than only the red/black oak group in the “under” and
“out” positions, however in the “out2” and “under2” positions results varied (Table 10). Basal
area of sassafras was significantly less than the basal area of red maple and yellow-poplar in all
positions, and significantly less than black cherry basal area in all positions except “under2”
(Tables 10 and A9).
Black birch total height was greater than all other species in the “out” position (Table 10).
Basal area of black birch was significantly less than black cherry, red maple, and yellow-poplar
basal area in “out2”, “under”, and “under2” (Tables 10 and A9).
Mean total height and diameter of shade tolerant species was significantly greater than the mean
total height of both intolerant and mid-tolerant species in the” under” position. Total height of
intolerant stems was significantly greater than mid-tolerant stems in the “under” position. Basal
area of mid-tolerant species in the “under” position was greater than basal area of shade tolerant
and intolerant species in the “under” position (Tables 13 and A14).
Tolerant species also had the greatest mean total height and diameter of stems growing
in the “out” position. Tolerant stems were significantly greater in total height and diameter than
both intolerant and mid-tolerant stems growing in the “out” position. Total height of intolerant
stems was significantly greater than mid-tolerant stems in the “out” position. Basal area of midtolerant species was significantly greater than both shade tolerant and intolerant species in the
“out” position (Tables 13 and A14).
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Tolerant stems had the greatest mean total height and diameter in the “out2” position
followed by intolerant and mid-tolerant stems. Tolerant stems were significantly greater in total
height than both intolerant and mid-tolerant stems growing in the “out2” position. Total height
of intolerant stems was significantly greater than mid-tolerant stems in the “out2” position
(Tables 13 and A14). Mean diameter of tolerant stems was significantly greater than the
diameter of both shade intolerant and mid-tolerant species in “out2”. Basal area of tolerant stems
was greatest in the “out2” position followed by mid-tolerant and shade-intolerant species. Basal
area of tolerant species was significantly greater than the basal area of shade intolerant and midtolerant species in the “out2” position (Tables 13 and A14).
Shade intolerant species had the greatest mean total height and diameter in the “under2”
position followed by tolerant and mid-tolerant species. Total height of shade-intolerant stems
was significantly greater than the total height of both shade tolerant and mid-tolerant species.
Shade tolerant species total height was significantly greater than the total height of mid-tolerant
species. Shade intolerant stems were significantly greater in diameter than mid-tolerant stems in
the “under2” position (Tables 13 and A14). Basal area of shade tolerant species was greatest in
the “under2” position followed by mid-tolerant and shade tolerant species (Figure 10). Basal
area of mid-tolerant species was significantly less than basal area of shade intolerant and tolerant
species (Tables 13 and A14).

Modeling sapling structure as a function of stand basal area
Because overstory basal area was a significant covariate in the sapling height, diameter
and basal area ANOVA, models were developed to examine the relationship of overstory basal
area and regeneration structure. Two covariance structures, compound symmetry and
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heterogeneous autoregressive, were considered for use in this model. The compound symmetry
structure was considered because of its use in situations where the repeated measurements are
not obtained over time. The heterogeneous structure was considered because of its flexibility in
allowing for unequal variances over time, or in this case location. Relative fit test were
conducted for these two covariance structures and the results indicated that the heterogeneous
autoregressive structure fit the model better than the compound symmetry covariance structure.
Unequal slope models were constructed for each species and tolerance group.
Total height of black cherry, red/black oak, and sassafras had a significant negative linear
relationship with overstory basal area (Figure 4, Table 14). Removal of intermediate and
overtopped stems from the dataset indicated that total height of dominant and codominant stems
of most species was negatively related to increasing overstory basal area. The total height of
yellow-poplar had a positive relationship with increasing overstory basal area, however this
relationship was not significant (Figure 5, Table 15).
Sapling diameter generally had a negative relationship with overstory basal area for most
species (Figure 6). Black cherry diameter had a significant negative linear relationship with
increasing overstory basal area. Red maple diameter had a significant positive linear relationship
with overstory basal area (Figure 6, Table 14). Mean diameter of dominant and codominant
stems of black birch, black cherry, and red maple had negative relationships with overstory basal
area. Mean diameter of dominant and codominant stems of yellow-poplar had a positive
relationship with increasing overstory basal area per acre, however this relationship was not
significant (Figure 7, Table 17). Mean diameter of dominant and codominant stems of black
birch and black cherry had a significant negative linear relationship with increasing overstory
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basal area, and red maple exhibited a significant negative quadratic relationship with increasing
overstory basal area (Figure 7, Table 17).
Sapling basal area per acre generally decreased with increasing overstory basal area.
Black birch, black cherry, and red maple all had significant negative quadratic relationships with
overstory basal area (Figure 8, Table 14). Basal area per acre of dominant and codominant stems
of black birch had a significant negative quadratic relationship, and black cherry and red maple
had significant negative linear relationships with overstory basal area (Figure 9, Table 15).
Total height of shade intolerant species had a negative relationship with overstory basal
area. Mid-tolerant species’ heights had a significant negative quadratic relationship with
overstory basal area. Tolerant species had a positive relationship with overstory basal area but
the slope of the regression line was not significantly different from zero (Figure 10, Table 16).
Total height of dominant and codominant shade intolerant species had a negative linear
relationship with overstory basal area. Shade tolerant species also had negative relationships
with increasing overstory basal area (Figure 11, Table 17).
Mean diameter of shade intolerant and mid-tolerant species had negative relationships
with increasing overstory basal area, with mid-tolerant species having a significant negative
quadratic relationship with overstory basal area. Mean diameter of shade tolerant species had a
significant positive linear relationship with overstory basal area (Figure 12, Table 16). Mean
diameter of dominant and codominant shade intolerant species had significant negative linear
relationship with overstory basal area. Mean diameter of dominant and codominant stems of
shade tolerant species increased with overstory basal area, but the slope of the regression line
was not significantly different from zero (Figure 13, Table 17)
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Basal area per acre of shade intolerant and mid-tolerant saplings had a negative
relationship with overstory basal area. Basal area per acre of shade tolerant species in the
understory had a positive relationship with increasing overstory basal area (Figure 14, Table 16).
Basal area per acre of dominant and codominant shade intolerant species had a significant
negative relationship with overstory basal area. Basal area of dominant and codominant stems of
shade tolerant species also had a negative relationship with overstory basal area, but the slope of
the regression line was not significantly different from zero (Figure 15, Table 17).
Discussion
Effects of residual trees on regeneration composition
Regardless of shade tolerance, saplings had more basal area, and were taller and larger in
diameter when located outside the crown shading of subject trees. Shade tolerant species were
larger than shade intolerant and mid-tolerant species regardless of location (Tables 13 and A12).
However, all analyses grouping species by shade-tolerance were strongly influenced by red
maple and black cherry, which dominated the shade tolerant and shade intolerant species
groupings respectively.
Black cherry was the most abundant species regardless of location. Black cherry is shade
intolerant and only represented 10% of overstory basal area prior to harvest. However, black
cherry was the most abundant advance regeneration species on the forest floor in 1993 prior to
the diameter-limit cut (Fajvan 2006). Black cherry seed trees typically produce frequent seed
crops (Marquis 1975) and seed can remain viable in the forest floor for approximately three
years (Wendel 1977). Many black cherry seedlings are often found in the understory because
they are relatively shade-tolerant and can exist three to four years under a dense overstory (Burns
and Honkala 1990). Black cherry is also a relatively low preference browse species for deer
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compared to the other species found in our stand (Latham et al. 2005). When partial
disturbances occur cherry seedling survival and height growth increase in response to increased
light levels (Marquis 1979). Essentially, the 1993 diameter-limit cut released black cherry
advance regeneration, which is still widespread throughout the stand but smaller in areas with
higher residual basal area compared to gaps.
Red maple basal area was significantly greater than most other species, except for
yellow-poplar, in “under” positions. Field observations indicated that most yellow-poplar
saplings were located near yellow-poplar overstory trees. Because yellow-poplar residuals
typically had the smallest crowns sampled (Table 3) any saplings growing in their vicinity may
have received enough light to remain vigorous. Yellow-poplar has rapid height growth rates in
high light conditions (Lamison and Smith 1978, Trimble 1973, Olson 1969) compared to
associated species such as red maple and red oak (Tift and Fajvan 1999).
In a study examining regeneration after deferment cutting (Miller et al. 2006), total height
and diameter of dominant and codominant reproduction increased as distance from the residual
overstory tree increased, however analyses were not conducted on intermediate and overtopped
stems. The highest basal areas of intolerant and mid-tolerant species were found in gaps between
residual tree crowns. These deferment cuts left large, uniformly spaced trees and residual basal
area less that 30 ft2/ac. Alternatively, diameter-limit cutting results in irregular stand structures
and there is no pattern in the distribution of gaps and residual tree clumps (Grushecky and Fajvan
1999). Therefore, it was difficult to isolate the effects of individual residual trees on
regeneration development because of environmental effects of other nearby residuals or gaps.
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Effects of residual basal area on regeneration size
Residual overstory basal area has a major influence on species composition of the new
cohort following a harvest. Low overstory densities are best for germination and growth of
shade-intolerant regeneration and higher overstory densities favor shade tolerant species such as
red maple (Kittredge and Ashton 1990). Single-tree selection treatments that reduce the stand to
lower densities improve chances for shade-tolerant species to regenerate. In stands where shade
tolerant species become established as advance regeneration, shade-tolerant stems develop
rapidly following the treatment and tend to dominant the cohort (Nyland 2002). The group
selection method creates conditions for the regeneration of intermediate and shade intolerant
species (Crow and Metzgar 1987, Leak and Filip 1975). However, some studies have found that
rapidly growing shade intolerant species are favored in the openings to the detriment of slower
growing mid-tolerant species such as oak (Weigel and Parker 1997, Standiford and Fischer
1980). Ray et al. 1999 found that the retention of widely spaced trees in shelterwood seed cuts
did not effect new cohort development for at least 20 years after the initial harvest. Although
Ray et al. (1999) found little effect on height growth of reproduction over 20 years, our study
found that residual trees following a diameter-limit cut have significant effects on the height
growth of reproduction, especially that of shade-intolerant species (Figures 4 and 5).
As stands age and new growing space becomes available, red maples in the lower strata
have the potential to be recruited into the overstory as growing space becomes available (Abrams
and Nowacki 1992, Tift and Fajvan 1999). Diameter-limit cutting, like all partial disturbances,
accelerates red maple recruitment into the overstory. In our study, the overstory consisted of
trees that were previously either weak codominants or in intermediate or overtopped crown
positions. Of the three most abundant species in the overstory, red maple had the lowest mean
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diameter, but the second greatest basal area per acre, meaning that the total basal area of red
maple was composed of many smaller red maple stems instead of few relatively large stems.
Crown diameter of red maple is typically comparable to that of yellow-poplar but is considerably
smaller than some other species such as red or black oak (Lamson 1978). The red maple crowns
in our study were significantly larger than the yellow-poplar crowns (Table 3) because all of the
largest yellow-poplars had been removed. However, unlike yellow-poplar, previously subdominant red maples can increase height and diameter growth following a disturbance and may
cause a decline in the regeneration of oaks and other desirable species (Tift and Fajvan 1999).
As the crowns of the many residual overstory red maples expand, the understory will become
more shaded, further inhibiting the regeneration of shade-intolerant and mid-tolerant species
(Fajvan and Wood 1996).

Sapling Structure as a Function of Overstory Basal Area
Regardless of crown class, most shade-intolerant and mid-tolerant species decreased in
total height and diameter as overstory basal area increased with the exception of yellow-poplar.
We expected that yellow-poplar growth would be negatively affected by overstory basal area.
However, the relatively small sample size of yellow-poplar, especially dominant/codominant
stems, may have prevented us from accurately testing our hypothesis. Because there was an
adequate seed source (yellow-poplar composed 50% of he basal area prior to harvest and 33%
post-harvest) we feel that preferential browsing by white-tailed deer (Latham et al. 2005)
probably influenced both the abundance and size of the saplings.
Total height of shade-tolerant species was not affected and diameter showed a positive
relationship with increasing overstory basal area. Shade tolerant species can exist in the
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understory for relatively long periods of time. A 19-year study on the Harvard Forest (Lorimer
1984) showed that over time red maple cannot survive in the understory of a mixed-oak forest,
but can continue to recruit new individuals when other species such as red oak had undergone
substantial reductions. During the study, red maple mortality rates were low, yet growth rates
were relatively high compared to other species. Red maple densities increased in the overtopped
and intermediate crown classes when other species such as red oak had undergone substantial
reductions. Other studies (Tift and Fajvan 1999, Abrams 1998, Hibbs 1982) indicated that
understory red maple can grow at rates less than or similar to other species beneath dense
overstories, and successfully regenerated following small disturbances that increased understory
light levels. Red maple has a competitive advantage over many of the other species in our study
because even suppressed understory trees can respond quickly to the increased light conditions
provided by the diameter-limit cut. Red maple has an indeterminate growth habit that allows it
to quickly adjust to changing conditions such as drought or low light (Burns and Honkala 1990).
Overall, red maple saplings were taller and had larger diameters and basal area per acre
than most other species in the stand. However, when analyzing only dominant and codominant
red maple, there were fewer significant differences because intolerant seedlings typically have a
greater representation in dominant and codominant crown classes (Brashears et al. 2004).

Management Implications
Diameter-limit cutting creates stand conditions favorable for the regeneration and
development of shade-tolerant species. Shade-intolerant species will regenerate in gaps, but their
long term development may be jeopardized by side shade and the closing of the canopy. The
impacts of diameter-limit cutting can be mitigated through the use of silvicultural treatments
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such as liberation harvest to free the new cohort from competition of the older overtopping trees.
Liberation treatments should focus on the removal of the entire overstory.
In our study there are sufficient numbers of yellow-poplar and black cherry saplings so
cleaning treatments may be appropriate along with the liberation treatments to encourage the
growth of these shade-intolerant species. Cleaning has little affect on the growth of dominant
and codominant yellow-poplar stems (Trimble 1973, Lamson and Smith 1978) , but overtopped
and intermediate stems of yellow-poplar respond well to cleaning treatments (Williams 1976).
Alternatively, attempts to stimulate the growth of intermediate and overtopped black cherry with
cleanings have not been successful (Trimble 1973), so cleaning treatments should focus on only
dominant and codominant stems of black cherry. Cleaning treatments could also be used to
increase survival and enhance the development of the larger oak stems (Miller 2000). A
drawback of these treatments is that they are typically labor intensive and may not provide
immediate financial returns to the landowner.
Managing stands with thinnings and silvicultural regeneration methods instead of
diameter-limit cutting is the best way to ensure long-term financial sustainability. Diameterlimit harvesting can provide high initial economic returns (Reed et al. 1986, Erickson et al. 1990)
because removals target high-value species and stem quality (Filip 1967). However, the residual
stand consists of stems that were previously in weak codominant, intermediate, or overtopped
canopy positions. Alternatively, thinnings remove these low vigor trees from the stand and
concentrate growth on higher quality dominant and codominant stems. Long-term sawtimber
yields after a diameter-limit cut can be as much as 30 % lower when compared to stands
managed with silvicultural operations (Nyland 2002).

54

Literature Cited
Abrams, M.D. 1998. The red maple paradox. BioScience. 48(5): 355-364.
Abrams, M.D. and G.J. Nowacki. 1992. Historical variation in fire, oak recruitment, and post
logging accelerated succession in central Pennsylvania. Bulletin of the Torrey Botanical
Club. 119: 19-28.
Barden, L.S. 1981. Forest Development in canopy gaps of diverse hardwood forest of the
southern Appalachian Mountains. Oikos. 37: 205-209.
Blum, B.M., and S.M. Filip. 1963. A demonstration of four intensities of management in
northern hardwoods. U.S.D.A. Forest Service Research Paper. NE-4.
Brashears, M.B., M.A. Fajvan, and T.M. Schuler. 2004. An assessment of canopy stratification
and tree species diversity following clearcutting in central Appalachian hardwoods.
Forest Science. 50(1): 54-64.
Braun, E.L. 1950. Deciduous Forest of Eastern North America. Macmillian, New York, NY
Burns, R.M. and B.H. Honkala, technical coordinators. 1990. Silvics of North America: 1
Hardwoods. Agriculture Handbook No. 654. U.S. Department of Agriculture, Forest
Service, Washington D.C. vol. 2. 877 pgs.
Clark, F. Bryan. 1970. Measures necessary for natural regeneration of oaks, yellow-poplar,
sweetgum, and black walnut. In The silviculture of oaks and associated species. p. 1-16.
USDA Forest Service, Research Paper NE-144. Northeastern Forest Experiment Station,
Broomall, PA.
Erickson, M.D., D.D. Reed, and G.D. Mroz. 1990. Stand development and economic analysis of
alternative cutting methods in northern hardwoods: 32-year results. Northern Journal of
Applied Forestry 7(4); 153-158.
Fajvan, M.A. 2006. Research on diameter-limit cutting in central Appalachian forests. In:
Kenefic, Laura S.; Nyland, Ralph D. eds. Proceedings of the conference on diameter
limit cutting in northeastern forests.; 2005 May 23-24; Amherst, MA. Gen. Tech. Rep.
NE-341. Newtown Square, PA: U.S. Forest Service: 32-38. Northeastern Research
Station
Fajvan, M.A. and J.M. Wood. 1996. Stand structure and development after gypsy moth
defoliation in the Appalachian Plateau. Forest Ecology and Management. 59:79-88.
Filip, S.M. 1967. Harvesting costs and returns under four cutting methods in mature beech-birch
maple stands in New England. U.S.D.A. Forest Service Research Paper NE-87.

55

Grushecky, S.T. and M.A. Fajvan. 1999. Comparison of hardwood stand structure after partial
harvesting using intensive canopy maps and geostatistical techniques. Forest Ecology
and Management.114: 421-432.
Hart, A.C. 1964. The Penobscot management-intensity demonstration plots: an evaluation, after
9 years, of four different treatments and their effects on growth and development of
mixed softwood stands in Maine. U.S.D.A. Forest Service Research Paper NE-25.
Hassler, C.C., S.T. Grushecky, and M.A. Fajvan. 1999. An assessment of stand damage
following timber harvests in West Virginia. Northern Journal of Applied Forestry.
16(4):191-196.
Heilgmann, R.B. and J.S. Ward 1993. Hardwood regeneration twenty years after three distinct
diameter-limit cuts in upland central hardwoods. In A.R. Gillespie, G.R. Parker, and P.E.
Pope (Eds.), Proceedings of the Ninth Central Hardwood Forest Conference, pp. 261
270. U.S.D.A. Forest Service General Technical Report. NC-161.
Hibbs, D.E. 1982. Gap dynamics in a hemlock-hardwood forest. Canadian Journal of Forest
Research. 12:522-527.
Kittredge, Jr., D.B. and P.M.S. Ashton. 1990. Natural regeneration patterns in even-aged mixed
stands in southern New England. Northern Journal of Applied Forestry. 7:163-168.
Lamson, Neil I., and H. Clay Smith. 1978. Response to crop tree release: sugar maple, red oak,
black cherry, and yellow-poplar saplings in a 9-year-old stand. USDA Forest Service,
Research Paper NE-394. Northeastern Forest Experiment Station, Broomall, PA. 8 p.
Lamson, N.I. 1987. DBH/Crown diameter relationships in mixed Appalachian hardwood stands.
U.S.D.A. Forest Service Research Paper. NE-610.
Latham, R. E., J. Beyea, M. Benner, C. A. Dunn, M. A. Fajvan, R. R. Freed, M. Grund, S. B.
Horsley, A. F. Rhoads and B. P. Shissler. 2005. Managing White-tailed Deer in Forest
Habitat From an Ecosystem Perspective: Pennsylvania Case Study. Report by the Deer
Management Forum for Audubon Pennsylvania and Pennsylvania Habitat Alliance,
Harrisburg. xix + 340 pp.
Lorimer, C.G. 1984. Development of the red maple understory in Northeastern oak forests.
Forest Science. 30(1): 3-22.
Marquis, D.A. and R. Brenneman. 1981. The impact of deer of forest vegetation in Pennsylvania.
U.S.D.A. Forest Service General Technical Report NE-65.
McClure, J.W. and T.D. Lee. 1992. Small-scale disturbance in a northern hardwood forest:
effects on tree species abundance and distribution. Canadian Journal of Forest Research.
23:1347-1359.

56

Miller, G.W. 2000. Effect of crown growing space on the development of young hardwood crop
trees. Northern Journal of Applied Forestry. 17(1):1-11.
Miller, G.W. and J.N. Kochenderfer. 1998. Maintaining species diversity in the central
Appalachians. Journal of Forestry. 96(7): 28-33.
Miller, G.W., J.N. Kochenderfer, and D. Fekedulegn. 2004. Composition and development of
reproduction in two-aged Appalachian hardwood stands: 20-year results. USDA Forest
Service Proceedings. RMRS-P-34.
Miller, G.W., and H.C. Smith. 1991. Comparing partial cuttings in central Appalachian
hardwoods. In. L.H. McCormick and K.W. Gottschalk (Eds.), Proceedings of the 8th
Central Hardwood Forest Conference, pp. 105-119. U.S.D.A. Forest Service General
Technical Report. NE-148.
Miller, G.W. and H.C. Smith. 1993. A practical alternative to single-tree selection. Northern
Journal of Applied Forestry. 10(1) 32-38.
Nyland, R.D. 1992. Exploitation and greed in eastern hardwood forests. Journal of Forestry.
90(1):33-37.
Nyland, R.D. 2002. Silviculture: Concepts and applications. McGraw-Hill, New York
Olson, David F., Jr. 1969. Silvical characteristics of yellow-poplar (Liriodendron tulipifera L.).
USDA Forest Service, Research Paper SE-48. Southeastern Forest Experiment Station,
Asheville, NC. 16 p.
Poulson, T.L. and W.J. Platt. 1989. Gap light regimes influence canopy and tree diversity.
Ecology. 70(3):553-555.
Ray, D.G., R.D. Nyland, and R.D. Yanai. 1999. Patterns of early cohort development following
shelterwood cutting in three Adirondack northern hardwood stands. Forest Ecology and
Management. 119:1-11.
Reed, D.D. M.J. Holmes, and J.A. Johnson. 1986. A 22-year study of stand development and
financial returns in northern hardwoods. Northern Journal of Applied Forestry. 3(11): 35
38.
Runkle, J.R. and T.C. Yetter. 1987. Treefalls revisited: gap dynamics in the southern
Appalachians. Ecology. 68(2): 417-424.
SAS Institute Inc. 1990. SAS/STAT users guide, Version 6. SAS Institute Inc. Cary, NC.

57

Schuler, T.M. 2004. Fifty years of partial harvesting in a mixed mesophytic forest: composition
and productivity. Canadian Journal of Forest Research. 34:985-997.
Smith, D.M., B.C. Larson, M.J. Kelty, and P.M.S. Ashton. 1996. The Practice of Silviculture, 8th
edition. John Wiley and Sons
Smith, H.C. and G.W. Miller 1987. Managing Appalachian hardwood stands using four
regeneration practices-34-year results. Northern Journal of Applied Forestry. 4:180-185.
Standiford, R.B. and B.C. Fischer. 1980. Fifteen year results of three harvesting methods on
composition and development of regeneration in southern Indiana upland hardwoods. Pp.
408-419 in the Proceedings of the Central Hardwood Forest Conference III. Columbia,
MO.
Tift, B.D. and M.A. Fajvan. 1999. Red maple dynamics in Appalachian hardwood stands in West
Virginia. Canadian Journal of Forest Research. 29: 157-165.
Trimble, G.R, 1971. Diameter-limit cutting in Appalachian hardwoods: Boon or Bane. U.S.D.A
Forest Service Research Paper. NE-208.
Trimble, G.R. 1973. The regeneration of central Appalachian hardwoods with emphasis on the
effects of site quality and harvesting practice. U.S.D.A. Forest Service Research Paper
NE-282.
Trimble, G. R., Jr. 1973. Response to crop-tree release by 7-year-old stems of yellow-poplar and
black cherry. USDA Forest Service, Research Paper NE-253. Northeastern Forest
Experiment Station, Broomall, PA. 10 p.
USDA Soil Conservation Service. 1982. Soil survey of Marion and Monongalia County West
Virginia. U.S. Department of Agriculture, Soil Conservation Service, Washington D.C.
Weigel, D.R. and G.R. Parker. 1997. Tree regeneration response to the group selection method
in southern Indiana. Northern Journal of Applied Forestry. 14: 90-94
Wendel, G.W. 1977. Longevity of black cherry, wild grape, and sassafras seed in the forest
floor. USDA Forest Service Research Paper NE-375.

58

Figure 1. General Location of the Study Area.
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Figure 2. General plot layout.
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Table 1. Summary of subject tree species and number selected by diameter class in each stand.
Red/Black
Oak

White
Oak

Chestnut
Oak

Red
Maple

Ten 10-12”

Stand 3-3

Ten 7-10”
Ten ≥ 13”

Yellow Poplar

Six 10-12”
Six 13-16”
Six ≥ 16”

Ten ≥ 11”
Two any size

Stand 4-3

Stand 2-2

Ten 11-13”

Ten 11-13”

Ten 7-10”

Ten 11-13”

Ten ≥14”

Ten ≥14”

Ten ≥ 11”

Ten ≥14”

Ten 11-15”

Ten 11-15”
Ten ≥ 7”

Ten ≥ 16”

Stand 1-4

Ten ≥ 16”

Ten 11-15”

Ten 11-15”
Ten ≥ 7”

Ten ≥ 16”

Ten ≥16”
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Table 2. Comparisons of mean overstory basal area per acre values by species using Duncan’s Multiple Range Test.

YP
YP
(23.45)*
RM
(16.44)
OK
(15.61)

RM‡

OK

CO

WO

BC

OH

(<. 0001)†

(<. 0001)

(<. 0001)

(<. 0001)

(<. 0001)

(<. 0001)

(0.42)

(<. 0001)

(<. 0001)

(<. 0001)

(<. 0001)

(<. 0001)

(<. 0001)

<. 0001)

(<. 0001)

(<. 0001)
(<. 0001)
(<. 0001)
CO
(8.96)
(0.25)
(0.0004)
WO
(3.52)
(0.04)
BC
(2.31)
OH
(0.73)
* = Mean basal area per acre (ft2 / ac)
† = Pr > F from analysis of covariance in parenthesis
‡= Species: YP= yellow-poplar, RM=red maple, OK= red/black oak, CO=chestnut oak, WO=white oak, BC=black cherry, OH
includes sassafras, hickory, black gum, black birch, black locust, black birch, ash, elm, sugar maple, sumac, and sycamore.
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Table 3. Comparison of crown projection areas between species tested with Duncan’s Multiple Range Test.
OK‡
OK
(472.5)*

CO

RM

WO

YP

(0.50)†

(0.005)

(0.004)

(<. 0001)

(0.21)

(0.07)

(0.009)

(0.27)

(0.03)

CO
(433.91)
RM
(365.06)
(0.76)
WO
(304.77)
YP
(287.67)
* = Mean crown projection area (ft2)
† = Pr > F from analysis of covariance in parenthesis
‡= Species: OK =red/black oak, CO=chestnut oak, RM=red maple, WO=white oak, YP=yellow-poplar
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Figure 3. Relative density of all sapling species found on the study site.
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Table 4. Mean total height, dbh, and basal area per acre (±SE) of the six most important saplings. Means were compared with log
transformed data using estimate statements in PROC MIXED. Letters indicate significantly different means.

Species

Height (ft)

DBH (in)

Basal Area (ft2/ acre)

Black Birch

16.14 af
(0.53)

1.07 a
(0.06)

0.57 a
(0.09)

15.92 ae
(0.33)

1.10 a
(0.04)

1.56 b
(0.09)

7.94 b
(0.50)

.63 b
(0.06)

0.26 c
(0.09)

17.39 adf
(0.51)

1.48 cd
(0.06)

1.45 b
(0.17)

15.56 ce
(0.61)

1.09 a
(0.07)

0.40 ac
(0.06)

16.96 f
(0.75)

1.31 d
(0.09)

.94 d
(0.16)

(n=229)

Black Cherry
(n= 903)

Red/Black Oak
(n=248)

Red Maple
(n = 318)

Sassafras
(n =159)

Yellow Poplar
(n=178)
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Table 5. Mean total height, dbh, and basal area per acre (± SE) of dominant and codominant stems of the four most important sapling
species. Means were compared with log transformed data using estimate statements in PROC MIXED. Letters indicate significantly
different means.

Species

Height (ft)

DBH (in)

Basal Area (ft2/ acre)

Black Birch
(n=34)

22.56 a
(1.24)

1.87 a
(0.16)

0.32 a
(0.09)

Black Cherry
(n=120)

23.81 a
(0.80)

1.93 a
(0.01)

1.10 b
(0.17)

Red Maple
(n =45)

23.61 a
(1.02)

2.3 b
(0.13)

0.73 bc
(0.16)

Yellow Poplar
(n=25)

24.13 a
(1.32)

2.09 ab
(0.17)

0.37 ac
(0.11)

† Oak and sassafras saplings were not included because there were too few for analysis.
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Table 6. Mean total height, dbh, and basal area per acre (± SE) of understory stems grouped by shade tolerance class. Means were
compared with log transformed data using estimate statements in PROC MIXED. Letters indicate significantly different means.

Tolerance Level

Height (ft)

DBH (in)

Basal Area (ft2/ acre)

Intolerant †
(n =1,536)

17.04 a
(0.69)

1.37 a
(0.11)

2.66 a
(0.18)

Mid-tolerant
(n =314)

15.24 b
(1.19)

1.34 b
(0.18)

0.34 b
(0.09)

Tolerant
(n =512)

20.24 c
(1.05)

2.11 c
(0.17)

2.26 a
(0.21)

† Intolerant- black cherry, black birch, yellow-poplar, pin cherry, black locust and sumac; Mid-tolerant- red oak, black oak, white
oak, chestnut oak, hickory, American chestnut, slippery elm, and white ash; Tolerant-red maple, black gum, striped maple, sourwood,
and dogwood.
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Table 7. Mean total height, dbh, and basal area per acre (± SE) of dominant and codominant saplings grouped by level of shade
tolerance. Means were compared with log transformed data using estimate statements in PROC MIXED. Letters indicate
significantly different means.

Tolerance Level†

Height (ft)

DBH (in)

Basal Area (ft2/ac)

Intolerant‡
(n=193)

23.44 a
(0.70)

1.93 a
(0.10)

1.93 a
(0.22)

Tolerant
(n=60)

24.17 a
(0.89)

2.54 b
(0.13)

1.23 b
(0.20)

† Mid-tolerant saplings were not included because there were too few for analysis.
‡ Intolerant- black cherry, black birch, yellow-poplar, pin cherry, black locust and sumac; Mid-tolerant- red oak, black oak, white
oak, chestnut oak, hickory, American chestnut, slippery elm, and white ash; Tolerant-red maple, black gum, striped maple, sourwood,
and dogwood.
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Table 8. Mean total height, diameter, and basal area (± SE) of the six most abundant regeneration species at different locations under
the subject tree. Means were compared with log transformed data using estimate statements in PROC MIXED. Letters indicate
significantly different means.

Location

Height (ft)

DBH (in)

Basal Area (ft2)

Out†
(n=679)

16.10 a
(0.38)

1.17 a
(0.04)

0.02 a
(0.002)

Under
(n=1,230)

15.11 b
(0.27)

1.15 ab
(0.06)

0.02 a
(0.001)

Out2
(n=135)

14.91 ab
(0.63)

1.12 ab
(0.03)

0.01 b
(0.003)

Under2
(n=143)

13.82 c
(0.52)

1.04 b
(0.05)

0.008 b
(0.002)

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the
influence of a subject tree canopy but under the canopy of another residual tree; Under2 = under the influence of a subject tree canopy
in addition to the canopy of another residual tree.
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Table 9. Mean total height, diameter, and basal area (± SE) of dominant and codominant stems of the six most important understory
species at the four different locations relative to the canopy of the subject tree. Means were compared with log transformed data using
estimate statements in PROC MIXED. Letters indicate significantly different means.

Location†

Height (ft)

DBH (in)

Basal Area (ft2)

Out
(n=93)

25.80 a
(0.92)

2.42 a
(0.12)

0.01 a
(0.002)

Under
(n=118)

24.54 ac
(0.77)

2.26 a
(0.10)

0.006 ac
(0.0008)

Out2
(n=14)

22.34 bc
(1.54)

2.27 ab
(0.20)

0.005 bc
(0.002)

Under2
(n=10)

19.73 b
(1.95)

1.75 b
(0.02)

0.001 b
(0.0007)

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the
influence of a subject tree canopy but under the canopy of another residual tree; Under2 = under the influence of a subject tree canopy
in addition to the canopy of another residual tree.
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Table 10. Mean total height, dbh, basal area (± SE) of the six most abundant sapling species at each position relative to the canopy of the subject
tree. Means were compared with log transformed data using estimate statements in PROC MIXED. Letters indicate significantly different means.

Species

BB

BC

OK

RM

SF

YP

Under

16.88 (0.65)

15.98 (0.43)

8.02 (0.55)

Height
17.13 (0.53)

14.43 (0.65)

18.21 (0.68)

Out

18.87 (0.89)

17.17 (0.49)

8.52 (0.85)

17.30 (1.03)

16.28 (0.89)

18.45 (0.94)

Out2

15.45 (1.48)

16.02 (0.80)

8.10 (1.42)

19.08 (1.35)

15.52 (1.49)

15.29( 2.01)

Under2

13.35 (0.97)

14.50 (0.72)

7.12 (0.91)

16.06 (0.95)

15.99 (1.53)

15.91 (1.83)

Location

DBH
Under

1.12 (0.07)

1.13 (0.05)

0.62 (0.06)

1.39 (0.06)

1.03 (0.07)

1.40 (0.07)

Out

1.24 (0.11)

1.18 (0.06)

0.66 (0.10)

1.27 (0.12)

1.14 (0.10)

1.52 (0.11)

Out2

0.92 (0.17)

1.15 (0.09)

0.65 (0.16)

1.80 (0.16)

1.04 (0.17)

1.17 (0.24)

Under2

0.94 (0.11)

0.97 (0.08)

0.61 (0.10)

1.48 (.011)

1.14 (0.15)

1.15 (0.20)

Basal Area
Under

0.02 (0.003)a

0.03 (0.003)a

0.005 (0.001)a

0.04 (0.004)a

0.01 (0.003)a

0.04 (0.005)a

Out

0.03 (0.006)a

0.03 (0.004)a

0.006 (0.004)a

0.03 (0.007)a

0.01 (0.002)a

0.03 (0.007)ab

Out2

0.0007 (0.003)ac 0.01 (0.002)b

0.005 (0.003)a

0.03 (0.01)a

0.008 (0.002)a

0.009 (0.003)b

Under2

0.003 (0.001)bc

0.004 (0.002)a

0.008 (0.007)b 0.01 (0.004)a

0.008 (0.001)b

0.01 (0.01)ab

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the influence of a subject tree canopy but under the
canopy of another residual tree; Under2 = under the influence of a subject tree canopy in addition to the canopy of another residual.
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Table 11. Mean total height, dbh , and basal area (± SE) of the three levels of shade tolerance at the four locations relative to the
canopy of the subject tree. Means were compared with log transformed data using estimate statements in PROC MIXED. Letters
indicate significantly different means.

Location†

Height (ft)

DBH (in)

Basal Area (ft2)

Out
(n=742)

25.19 a
(1.14)

2.57 a
(0.16)

0.13 a
(0.01)

Under
(n=1480)

19.31 b
(0.63)

1.85 b
(0.09)

0.07 b
(0.007)

Out2
(n=145)

13.56 c
(1.71)

1.11 c
(0.28)

0.01 c
(0.002)

Under2
(n=152)

11.96 c
(0.83)

0.90 c
(0.13)

0.02 c
(0.006)

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the
influence of a subject tree canopy but under the canopy of another residual tree; Under2 = under the influence of a subject tree canopy
in addition to the canopy of another residual tree.
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Table 12. Mean total height, diameter, and basal area (± SE) of dominant and codominant saplings grouped by shade tolerance
according to location under the subject tree. Means were compared with log transformed data using estimate statements in PROC
MIXED. Letters indicate significantly different means.

Location†

Height (ft)

DBH (in)

Basal Area (ft2)

Out
(n=168)

25.71 a
(0.98)

2.50 a
(0.15)

0.12 a
(0.02)

Under
(n=378)

24.52 a
(0.83)

2.27 a
(0.13)

0.07 b
(0.007)

Out2
(n=14)

21.74 b
(1.54)

2.25 ab
(0.23)

0.004 c
(0.001)

Under2
(n=12)

19.33 b
(1.96)

1.75 a
(0.29)

0.009 c
(0.006)

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the
influence of a subject tree canopy but under the canopy of another residual tree; Under2 = under the influence of a subject tree canopy
in addition to the canopy of another residual tree.
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Table 13. Mean total height, dbh, and basal area (± SE) of saplings grouped by shade tolerance according to location under the subject
tree canopy. Means were compared with log transformed data using estimate statements in PROC MIXED. Letters indicate
significantly different means.
ShadeTolerance

Intolerant

Mid-Tolerant

Tolerant

Height
Under†

18.64 (0.93) a

14.67 (1.23) a

24.64 (1.08) a

Out

19.89 (1.43) a

28.98 (2.44) b

26.72 (1.92) a

Out2

15.89 (1.79) ab

7.98 (3.62) c

16.80 (3.15) b

Under2

13.76 (1.19) a

9.31 (1.43) c

12.82 (1.67) b

DBH
Under

1.59 (0.12) ab

1.44 (0.18) a

2.50 (0.15) a

Out

1.69 (0.19) a

2.74 (0.33) b

3.28 (0.31) a

Out2

1.08 (0.30) a

0.66 (0.59) c

1.60 (0.12) ac

Under2

1.13 (0.23) b

0.51 (0.05) c

1.05 (0.29) c

Basal Area
Under

0.08 (0.01) a

0.15 (0.03) a

0.12 (0.01) a

Out

0.08 (0.01) a

0.30 (0.06) b

0.15 (0.02) b

Out2

0.009 (0.001) b

0.004 (0.003) ac

0.03 (0.007) ac

Under2

0.02 (0.001) b

0.01 (0.001) c

0.02 (0.005) c

†Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the influence of a subject tree canopy but under the
canopy of another residual tree; Under2 = under the influence of a subject tree canopy in addition to the canopy of another residual tree.
‡ Intolerant- black cherry, black birch, yellow-poplar, pin cherry, black locust and sumac; Mid-tolerant- red oak, black oak, white oak, chestnut oak, hickory, American chestnut,
slippery elm, and white ash; Tolerant-red maple, black gum, striped maple, sourwood, and dogwood.
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Figure 4. Mean log Height of the six most important sapling species with increasing overstory basal area.
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Figure 5. Mean Log Height of dominant and codominant stems of the four most important sapling species with increasing overstory
basal area.
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* indicates a significant (p<.05) linear relationship with increasing overstory basal area.
† Oak and sassafras saplings were not included because there were too few for analysis.
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Figure 6. Mean log dbh of the six most important sapling species with increasing overstory basal area.
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* indicates a significant (p<.05) linear relationship with increasing overstory basal area
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Figure 7. Mean log dbh of dominant and codominant stems of the four most important sapling species with increasing overstory basal
area.
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* indicates a significant (p<.05) linear relationship with increasing overstory basal area.
† Oak and sassafras saplings were not included because there were too few for analysis.
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Figure 8. Mean log basal area per acre of the six most important sapling species with increasing overstory basal area.
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Figure 9. Mean log basal area per acre of dominant and codominant stems of the four most important species with increasing overstory
basal area.
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# indicates a significant (p<.05) quadratic relationship with increasing overstory basal area.
† Oak and sassafras saplings were not included because there were too few for analysis.
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Figure 10. Mean log total height of saplings grouped by shade tolerance with increasing overstory basal area.
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# indicates a significant (p<.05) quadratic relationship with increasing overstory basal area
† Intolerant- black cherry, black birch, yellow-poplar, pin cherry, black locust and sumac; Mid-tolerant- red oak, black oak, white oak, chestnut oak, hickory,
American chestnut, slippery elm, and white ash; Tolerant-red maple, black gum, striped maple, sourwood, and dogwood.
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Figure 11. Mean log total height of dominant and codominant saplings grouped by shade tolerance with increasing overstory basal
area.
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† Mid-tolerant saplings were not included because there were too few for analysis.
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Figure 12. Mean log dbh of saplings grouped by shade tolerance with increasing overstory basal area.
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# indicates a significant (p<.05) quadratic relationship with increasing overstory basal area
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Figure 13. Diameter of dominant/codominant stems grouped by shade tolerance with increasing overstory basal area.
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* indicates a significant (p<.05) linear relationship with increasing overstory basal area
† Mid-tolerant saplings were not included because there were too few for analysis.
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Figure 14. Basal area per acre of saplings grouped by shade tolerance with increasing overstory basal area.
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Figure 15. Basal area per acre of dominant and codominant saplings grouped by shade with increasing overstory basal area.
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* indicates a significant (p<.05) linear relationship with increasing overstory basal area
† Mid-tolerant saplings were not included because there were too few for analysis.
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Table 14. Coefficients of regression models for total height, dbh, and basal area per acre of species of the six most import sapling
species. The general equation for the linear curve is: y = β0 + β1x and for the quadratic curve: y = β0 + β1x + β2x2.
a.

BB

BC

(n= 229)

(n= 903)

β0

2.9493

β1

-0.00137
(0.07)

3.1061
-0.00235
(<. 0001))

Species Height
OK
RM

SF

YP

(n= 248)

(n= 318)

(n= 159)

(n= 178)

2.2313

2.8699

3.0134

2.8532

-0.00137
(0.02)

-0.00026
(0.70)

-0.00325
(0.0006)

0.000415
(0.70)

b.

Diameter
β0

0.7604

0.8213

0.4805

0.6812

0.8263

0.8328

β1

-0.0005
(0.38)

-0.00126
(0.0002)

-0.00025
(0.57)

0.002081
(<. 0001)

-0.0015
(0.10)

-0.00026
(0.73)

c.

Basal Area per Acre
β0

2.8908

4.8818

0.5202

3.3208

0.7272

1.6826

β1

-0.04826
(<. 0001)

-0.056511
(0.0005)

-0.007
(0.15)

-0.05129
(0.008)

-0.00361
(0.65)

-0.01182
(0.49)

β2

0.000206
(0.0004)

0.000176
(0.04)

0.000029
(0.27)

0.000279
(0.006)

-0.00000361
(0.93)

0.000091
(0.86)
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Table 15. Coefficients of regression models for total height, dbh, and basal area per acre of dominant and codominant stems of the six
most important sapling species. The general equation for the linear model is: y = β0 + β1x and y = β0 + β1x + β2x2 for the quadratic
curve.
a.

Total Height
BB

BC

RM

YP

(n = 34)

(n= 120)

(n= 45)

(n= 25)

3.4741

3.333

3.0784

-0.00327
(0.0002)

-0.00171
(0.14)

0.00357
(0.09)

β0

3.456

β1

-0.00331
(0.007)

b.

Diameter
β0

1.3806

1.2985

1.2614

0.9571

β1

-0.00305
(0.01)

-0.00303
(0.001)

-0.00094
(0.42)

0.002961
(0.16)

c.

Basal Area per Acre
β0

1.8899

3.3932

2.2133

0.8585

β1

-0.03450
(0.0007)

-0.03649
(0.05)

-0.03521
(0.03)

-0.00967
(0.36)

β2

0.000156
(0.003)

0.000098
(0.32)

0.000159
(0.06)

0.000028
(0.61)
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Table 16. Coefficients of regression models for total height, dbh, and basal area per acre of sapling stems grouped by shade tolerance with
increasing overstory basal area. The general equation for the linear model is: y = β0 + β1x and y = β0 + β1x + β2x2 for the quadratic model.

a.

Total Height

β0
β1
β2

Intolerant†

Mid-Tolerant

Tolerant

(n= 1,536)

(n= 314)

(n= 512)

3.0780
-0.00522
(0.08)

1.8614
0.01754
(<. 0001)

2.7137
0.005596
(0.1818)

0.000024
(0.14)

-0.00009
(<. 0001)

-0.00001
(0.58)

b.

β0
β1
β2

Diameter
0.8942

0.2736

0.7460

-0.00257
(0.25)

0.01164
(0.002)

0.006258
(0.05)

0.000016
(0.21)

-0.00006
(0.002)

-0.00002
(0.30)

c.

β0

Basal Area per Acre
7.5652

0.5039

2.7894

β1

-0.08720
(<. 0001)

-0.00410
(0.48)

0.02031
(0.43)

β2

0.000284
(0.004)

0.00000943
(0.76)

0.000123
(0.37)

†Intolerant- black cherry, black birch, yellow-poplar, pin cherry, black locust and sumac; Mid-tolerant- red oak, black oak, white oak, chestnut oak, hickory,
American chestnut, slippery elm, and white ash; Tolerant-red maple, black gum, striped maple, sourwood, and dogwood
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Table 17. Coefficients of regression models for total height, dbh, and basal area per acre of dominant and codominant sapling stems
grouped by shade tolerance with increasing overstory basal area. The general equation for the linear model is: y = β0 + β1x and y = β0 +
β1x + β2x2 for the quadratic model.
a.
Total Height

Intolerant

Tolerant

(n= 193)

(n= 60)

β0

3.4305

3.3223

β1

-0.00269
( 0.0004)

-0.00075
( 0.4468)

b.

Diameter

β0

1.2624

1.2345

β1

-.00232
(0.0017)

0.000283
(0.7941)

c.

Basal Area per Acre

β0

4.3995

1.4685

β1

-0.03000
( <.0001)

-0.00380
( 0.4716)
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Appendix
Table A1. Species comparison of sapling diameter, height and basal area per acre means using the estimate statement in PROC
MIXED. Symbols of “+” or “-” indicate that the first species had a higher (+) or lower (-) mean value than the second species. Pvalues are indicated in parenthesis.

Species

Height (ft)

DBH (in)

Basal Area (ft2/acre)

BB v. BC

+ (.06)

- (0.68)

- (< .0001)

BB v. OK

+ (< .0001)

+ (< .0001)

+ (0.01)

BB v. RM

- (0.55)

- (< .0001)

- (< .0001)

BB v. SF

+ (.009)

- (0.97)

+ (0.13)

BB v. YP

- (0.33)

- (.0001)

- (0.05)

BC v. OK

+ (< .0001)

+ (< .0001)

+ (< .0001)

BC v. RM

- (.007)

- (< .0001)

+ (0.57)

BC v. SF

+ (0.17)

+ (0.73)

+ (< .0001)

BC v. YP

- (.006)

- (< .0001)

+ (< .004)

OK v. RM

- (< .0001)

- (< .0001)

- (< .0001)

OK v. SF

- (< .0001)

- (< .0001)

- (0.20)

OK v. YP

- (< .0001)

- (< .0001)

- (.0002)

RM v. SF

+ (.001)

+ (< .0001)

+ (< .0001)

RM v. YP

- (0.65)

+ (0.72)

+ (.03)

SF v. YP

- (.0008)

- (.0002)

- (.002)
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Table A2. Comparison of sapling diameter, height and basal area per acre of the dominant and codominant stems of the four most important
species using the estimate statement in PROC MIXED. Symbols of “+” or “-”indicate that the first species had a higher (+) or lower (-) mean
value than the second species. P-values are indicated in parenthesis.

Species

Height (ft)

DBH (In)

Basal Area ( ft2/ acre)

BB v. BC

- (0.40)

- (0.75)

- (<.0001)

BB v. RM

- (0.45)

- (0.04)

- (0.02)

BB v. YP

- (0.33)

- (0.24)

- (0.75)

BC v. RM

+ (0.95)

- (0.04)

+ (.09)

BC v. YP

- (0.67)

- (0.25)

+(.0002)

RM v. SF

- (0.79)

- (0.87)

+ (<.0001)

RM v. YP

- (0.67)

+ (0.59)

+ (0.06)

† Oak and sassafras saplings were not included because there were too few for analysis.
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Table A3. Comparisons of sapling diameter, height and basal area per acre means by shade tolerance using the estimate statement in
PROC MIXED. Symbols of “+” or “-” indicate that the first species had a higher (+) or lower (-) mean value than the second species.
P-values are indicated in parenthesis.

Tolerance Level

Height (ft)

DBH (in)

Basal Area (ft2/acre)

Int. v. Mid

+ (< .0001)

+ (0.04)

+ (< .0001)

Int. v. Tol.

- (.0009)

- (< .0001)

+ (0.12)

Tol. v. Mid.

+ (< .0001)

+ ( < .0001)

+ (< .0001)

† Intolerant- black cherry, black birch, yellow-poplar, pin cherry, black locust and sumac; Mid-tolerant- red oak, black oak, white
oak, chestnut oak, hickory, American chestnut, slippery elm, and white ash; Tolerant-red maple, black gum, striped maple, sourwood,
and dogwood.
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Table A4. Comparisons of sapling height, diameter, and basal area per acre of dominant and codominant saplings classified by shade
tolerance using the estimate statement in PROC MIXED. Symbols of “+” or “– “indicate that the first species had a higher (+) or
lower (-) mean value than the second species. P-values are indicated in parenthesis.

Tolerance Level

Height (ft)

DBH (in)

Basal Area (ft2/acre)

Int. v. Tol.

- (0.35)

- (0.0007)

+(0.01)

† Mid-tolerant saplings were not included because there were too few for analysis.
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Table A5. Overall model results when modeling the dependent variables with species, location, and their interaction.

Effect

Number DF

Location

3

Species

Height
Den DF

F Value

Pr > F

280

3.98

0.008

5

319

95.94

<.0001

Location*Species

15

16

0.91

0.57

Effect

Number DF

F Value

Pr > F

Location

3

280

1.04

0.38

Species

5

319

34.05

<.0001

Location*Species

15

16

1.04

0.47

F Value

Pr > F

Diameter
Den DF

Basal Area
Den DF

Effect

Number DF

Location

3

1315

29.79

<.0001

Species

5

789

71.07

<.0001

Location*Species

15

3945

8.88

<.0001
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Table A6. Comparisons of sapling height, diameter, and basal area of the six most important species with respect to position relative to
the canopy of the subject tree using the estimate statement in PROC MIXED. Symbols of “+” or “– “ indicate that the first species
had a higher (+) or lower (-) mean value than the second species. P-values are indicated in parenthesis.

Location

Height (ft)

DBH (in)

Basal Area (ft2)

Out v. Under

+ (0.008)

+ (0.20)

- (0.63)

Out v. Out2

+ (0.16)

+ (0.56)

+ (0.03)

Out v. Under2

+ (<.0001)

+ (0.02)

+ (<.0001)

Under v. Out2

+ (0.69)

+ (0.79)

+(0.006)

Under v. Under2

+ (0.01)

+ (0.13)

+ (<.0001)

Out2 v. Under2

+ (0.03)

+ (0.19)

+(0.33)

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the influence of a subject tree canopy but under the
canopy of another residual tree; Under2 = under the influence of a subject tree canopy in addition to the canopy of another residual tree.

‡ Intolerant- black cherry, black birch, yellow-poplar, pin cherry, black locust and sumac; Tolerant-red maple, black gum, striped
maple, sourwood, and dogwood.
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Table A7. Comparison of sapling diameter, height and basal area of the dominant and codominant stems of the four most important species
with respect to position relative to the canopy of the subject tree using the estimate statement in PROC MIXED. Symbols of “+” or “”indicate that the first species had a higher (+) or lower (-) mean value than the second species. P-values are indicated in parenthesis.

Location

Height (ft)

DBH (in)

BA (ft2)

Out v. Under

+(0 .10)

+(0.19)

+ (0.45)

Out v. Out2

+(0.03)

+(0.49)

+ (0.06)

Out v. Under2

+(0 .002)

+(.009)

+ (<.0001)

Under v. Out2

+(0.18)

-(0.99)

+ (0.11)

Under v. Under2

+(0.009)

+(0.03)

+ (<.0001)

Out2 v. Under2

+(0.17)

+(0.07)

+ (0.17)

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the influence of a subject tree canopy but under the
canopy of another residual tree; Under2 = under the influence of a subject tree canopy in addition to the canopy of another residual

‡ Mid-tolerant saplings were not included because there were too few for analysis.
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Table A8. Comparison of basal area means of the six most important sapling species with respect to position relative to the canopy of
the subject tree using the estimate statement in PROC MIXED. Symbols of “+” or “-” indicate that the first location had a higher (+)
or lower (-) mean value than the second location. P-values are indicated in parenthesis.

Basal Area (ft2)
Out
v.
Under

Out
v.
Out2

Out
v.
Under2

Out2
v.
Under

Out2
v.
Under2

Under
v.
Under2

BB

+ (0.24)

+ (0.07)

+ (0.004)

- (0.24)

+ (0.68)

+ (0.006)

BC

- (0.41)

+ (0.005)

+ (<.0001)

- (0.0008)

+ (0.36)

+ (<.0001)

OK

+ (0.99)

+ (0.95)

+ (0.86)

- (0.95)

+ (0.97)

+ (0.82)

RM

- (0.27)

- (0.48)

+ (0.008)

- (0.95)

+ (0.006)

+ (<.0001)

SF

- (0.97)

+ (0.82)

- (0.87)

- (0.77)

- (0.73)

- (0.88)

YP

- (0.45)

+ (0.11)

+ (0.21)

- (0.05)

- (0.66)

+ (0.08)

Species

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the influence of a subject tree canopy but under the
canopy of another residual tree; Under2 = under the influence of a subject tree canopy in addition to the canopy of another residual
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Table A9. Comparison of basal area means of the six most important sapling species growing in similar positions relative to the
canopy of the subject tree using the estimate statement in PROC MIXED. Symbols of “+” or “-” indicate that the first location had a
higher (+) or lower (-) mean value than the second location. P-values are indicated in parenthesis.

Out

Basal Area (ft2)
Out2

Under

Under2

Species
BB v. BC

- (0.41)

- (0.05)

- (0.003)

- (0.02)

BB v. OK

+ (0.004)

+ (0.0008)

+ (0.01)

+ (0.56)

BB v. RM

- (0.29)

- (0.006)

- (<.0001)

- (0.0002)

BB v. SF

+ (0.04)

+ (0.08)

+ (0.82)

- (0.35)

BB v. YP

- (0.44)

- (0.01)

- (0.0001)

- (0.001)

BC v. OK

+ (<.0001)

+ (<.0001)

+ (<.0001)

+ (0.001)

BC v. RM

- (0.61)

- (0.13)

- (0.01)

- (0.04)

BC v. SF

+ (.0004)

+ (<.0001)

+ (0.003)

- (0.35)

BC v. YP

- (0.88)

- (0.26)

- (0.05)

- (0.09)

OK v. RM

- (<.0001)

- (<.0001)

- (<.0001)

- (<.0001)

OK v. SF

- (0.41)

- (0.10)

- (0.037)

- (0.12)

OK v. YP

- (0.0002)

- (<.0001)

- (<.0001)

- (.0001)

RM v. SF

+ (0.001)

+ (<.0001)

+ (<.0001)

+ (0.009)

RM v. YP

+ (0.78)

+ (0.81)

+ (0.98)

- (0.90)

SF v. YP

- (0.004)

- (<.0001)

- (<.0001)

- (0.02)
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Table A10. Results of ANOVA for dependent variables sapling height, diameter and basal area according to tolerance class, location,
and their interaction.

Effect

Number DF

Location

3

Tolerance
Location*Tolerance

Height
Den DF

F Value

Pr > F

316

25.30

<.0001

2

241

46.66

<.0001

6

52

3.79

0.003

F Value

Pr > F

Diameter
Den DF

Effect

Number DF

Location

3

316

24.35

<.0001

Tolerance

2

241

27.55

<.0001

Location*Tolerance

6

52

3.87

0.003

Effect

Number DF

F Value

Pr > F

Location

3

789

137.27

<.0001

Tolerance

2

526

85.90

<.0001

Location*Tolerance

6

1578

31.99

<.0001

Basal Area
Den DF
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Table A11. Comparison of mean sapling height, diameter and basal area by shade tolerance at different locations under the subject tree
using the estimate statement in PROC MIXED. Symbols of “+” or “-” indicate that the first species had a higher (+) or lower (-) mean
value than the second species. P-values are indicated in parenthesis.

Location

Height (ft)

DBH (in)

BA (ft2)

Out v. Under

+ (< .0001)

+ (< .0001)

+(0.001)

Out v. Out2

+ (< .0001)

+ ( < .0001)

+(<.0001)

Out v. Under2

+ (< .0001)

+ ( < .0001)

+(<.0001)

Under v. Out2

+ (0.001)

+ ( 0.001)

+(0.007)

Under v. Under2

+ (< .0001)

+ (< .0001)

+(<.0001)

Out2 v. Under2

+ (0.67)

+ (0.05)

+(0.92)

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the influence of a subject tree canopy but under the
canopy of another residual tree; Under2 = under the influence of a subject tree canopy in addition to the canopy of another residual

101

Table A12. Comparison of dominant and codominant mean height, diameter, and basal area of saplings by shade tolerance at different
locations under the subject tree using the estimate statement in PROC MIXED. Symbols of “+” or “– “indicate that the first species
had a higher (+) or lower (-) mean value than the second species. P-values are indicated in parenthesis.

Location

Height (ft)

DBH (in)

BA (ft2)

Out v. Under

+(0.14)

+(0.07)

+ (0.001)

Out v. Out2

+(0.001)

+(0.25)

+ (<.0001)

Out v. Under2

+(0.0005)

+(0.006)

+ (<.0001)

Under v. Out2

+(0.05)

+(0.80)

+ (0.007)

Under v. Under2

+(0.002)

+(0.03)

+ (<.0001)

Out2 v. Under2

+ (0.16)

+(0.11)

+ (0.92)

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the influence of a subject tree canopy but under the
canopy of another residual tree; Under2 = under the influence of a subject tree canopy in addition to the canopy of another residual
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Table A13. Comparison of mean sapling height, diameter, and basal area by shade tolerance at different locations under the subject
tree using the estimate statement in PROC MIXED. Symbols of “+” or “-” indicate that the first tolerance class had a higher (+) or
lower (-) mean value than the second tolerance class. P-values are indicated in parenthesis.

Height (ft)

DBH (in)

Out
v.
Under

Out
v.
Out2

Out
v.
Under2

Out2
v.
Under

Out2
v.
Under2

Under
v.
Under2

Out
v.
Under

Out
v.
Out2

Out
v.
Under2

Out2
v.
Under

Out2
v.
Under2

Under
v.
Under2

Int.

+
(0.28)

+
(0.06)

+
(0.002)

+
(0.24)

+
(0.32)

+
(0.01)

+
(0.50)

+
(0.03)

+
(0.02)

+
(0.06)

+
(0.97)

+
(0.0481)

Mid.

+
(<.0001)

+
(<.0001)

+
(< .0001)

+
(0.04)

(0.53)

+
(0.06)

+
(0.002)

+
(0.0005)

+
(<.0001)

+
(0.05)

+
(0.64)

+
(<.0001)

Tol.

+
(0.14)

+
(0.001)

+
(<.0001)

+
(0.03)

+
(0.47)

+
(0.0002)

+
(0.004)

+
(0.001)

+
(0.0001)

+
(0.07)

+
(0.58)

+
(0.01)

Tolerance
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Table A13 (continued)

Basal Area (ft2)
Out
v.
Under

Out
v.
Out2

Out
v.
Under2

Out2
v.
Under

Out2
v.
Under2

Under
v.
Under2

Int.

+ (0.76)

+ (0.04)

+ (0.009)

+(0.04)

- (0.88)

+ (0.002)

Mid.

+ (<.0001)

+ (0.003)

+ (<.0001)

+ (0.38)

- (0.99)

+ (0.0004)

Tol.

+ (0.01)

+ (0.009)

+ (<.0001)

+ (0.14)

+ (0.69)

+ (<.0001)

Tolerance

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the influence of a subject tree canopy but under the
canopy of another residual tree; Under2 = under the influence of a subject tree canopy in addition to the canopy of another residual

‡ Intolerant- black cherry, black birch, yellow-poplar, pin cherry, black locust and sumac; Mid-tolerant- red oak, black oak, white oak, chestnut oak, hickory,
American chestnut, slippery elm, and white ash; Tolerant-red maple, black gum, striped maple, sourwood, and dogwood.
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Table A14. Comparison of mean sapling height, diameter, and basal area of saplings by shade tolerance at the same location with
respect to the canopy of the subject tree using the estimate statement in PROC MIXED. Symbols of “+” or “-” indicate that the first
tolerance class had a higher (+) or lower (-) mean value than the second tolerance class. P-values are indicated in parenthesis.

Height (ft)

Basal Area (ft2)

DBH (in)

Int.
v.
Mid.

Int.
v.
Tol.

Mid.
v.
Tol.

Int.
v.
Mid.

Int.
v.
Tol.

Mid.
v.
Tol.

Int.
v.
Mid.

Int.
v.
Tol.

Mid.
v.
Tol.

Out

+( 0.07)

- (<.0001)

-(<.0001)

- (0.34)

- (<.0001)

-(<.0001)

- (<.0001)

- (0.71)

+ (<.0001)

Under

+(<.0001)

- (<.0001)

- (<.0001)

+(<.0001)

- (<.0001)

-(<.0001)

- (<.0001)

- (0.17)

+ (<.0001)

+ (<.0001)

- (<.0001)

- (<.0001)

+ (0.23)

- (<.0001)

-(<.0001)

-(0.30)

-(<.0001)

- (<.0001)

+ (<.0001)

- (0.01)

- (<.0001)

+(<.0001)

- (0.001)

-(<.0001)

- (0.0007)

- (0.28)

- (0.0007)

Location

Out2

Under2

† Out = outside the influence of a subject tree canopy; Under = under the influence of a subject tree canopy; Out2 = outside the influence of a subject tree canopy
but under the canopy of another residual tree; Under2 = under the influence of a subject tree canopy in addition to the canopy of another residual
‡ Intolerant- black cherry, black birch, yellow-poplar, pin cherry, black locust and sumac; Mid-tolerant- red oak, black oak, white oak, chestnut oak, hickory,
American chestnut, slippery elm, and white ash; Tolerant-red maple, black gum, striped maple, sourwood, and dogwood.
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